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In this thesis, the study mainly focuses on the design and implementation 
of wideband waveguide-fed planar antenna array in the Ku-Band.  Firstly, the 
utilization of a 2×2-element subarray fed by an H-plane waveguide is 
investigated to overcome the bandwidth limitation of traditional slotted 
waveguide antenna arrays.  A design guide is summarized for the purpose of 
engineering application.  The suppression of reflection, mutual coupling and 
grating lobe is also taken into consideration when the subarray is implemented 
to a large aperture.  In order to obtain a wider bandwidth, a low-profile H-plane 
waveguide corporate-fed network is designed to excite an 8×8 antenna array. 
Subsequently, a new fabrication technique for waveguide-fed antenna 
array is introduced.  An overview of current 3-D printing research on microwave 
area is given.  The selection of available metal printing techniques is discussed.  
It is shown that the Direct Metal Laser Sintering (DMLS) technique is 
inherently suitable for the waveguide-fed antenna arrays because it eliminates 
most of the fabrication problems existing in the traditional machining 
techniques, such as assembly gaps and layers’ alignment.  The DMLS technique 
is applied to fabricate the 8×8 antenna array.  A novel diagnostic method is 
introduced to check the printing details of the internal structures via the X-ray 
technique.  Experimental results show that the practical waveguide antennas can 
achieve higher efficiency through 3-D printing, compared with the machining 
ones’; and reduce weight through removing some structures that are not 
necessary for EM performance. 
Lastly, two extension works are presented.  One is to propose a 16×16 
wideband antenna array with low-sidelobe and low-profile performance.  It is 
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always hard to design an amplitude-taper feed-network while maintaining 
output phase-balance, operational bandwidth and physically low profile in 
waveguide structures.  In this phase of work, a novel wideband waveguide T-
junction divider with equal output-phase but unequal power-division is 
proposed for the construction of an amplitude-tapering feed-network.  This 
novel design is different from the asymmetric field distribution of the typical T-
junctions used in power division in waveguides.  A quasi-Taylor distribution 
synthesis is applied to achieve amplitude taper at the array aperture.  Measured 
results indicate that the array can achieve a 13.8% bandwidth and a gain of more 
than 29.5dBi.  The overall sidelobe levels are better than -25dB and the cross-
polarization is better than -40dB. 
The other one is to propose a novel wideband monopulse waveguide array 
to solve the bandwidth limitation problems from traditional designs.  Two novel 
Magic-Tees are proposed to achieve wideband and low-profile characteristics.  
A wideband monopulse comparator network associated with one of the 
proposed Magic-Tees is designed to cooperate with a 16×16 slot array 
consisting of four units of 8×8 sub-arrays.  The complicated monopulse array is 
fabricated with the DMLS technique and results show that it can achieve 
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1.1 Research Objective 
This thesis investigates the design and fabrication of wideband 
waveguide-fed planar antenna arrays with high efficiency in the Ku-band.  A 
wideband four-element subarray is utilized as a basic radiator for most of the 
work in this thesis.  Several antenna arrays for different application are 
developed analytically and experimentally.  The research also investigates the 
3-D metal-direct-printing technique to fabricate the various designs.  The results 
showed that the 3-D direct-metal-printing is well-suited for complex structures 
like the waveguide-fed antenna arrays. 
 
1.2 Contributions 
The following contributions are achieved in the thesis: 
(1) A 2×2-element subarray fed by an H-plane waveguide is utilized to 
overcome the bandwidth limitation of traditional slotted waveguide 
arrays.  This subarray can accommodate more radiating elements in a 
waveguide with commensurate size.  A design guide is summarized for 
the purpose of engineering application.  A low-profile H-plane wideband 
waveguide corporate-fed network is designed to excite an 8×8 antenna 
array.  The array is fabricated in aluminum with milling technique, the 
results of which set a baseline for the comparison with the performance 
obtained from the 3-D printing technique, which is another contribution 
of this thesis. 
(2) A 16×16 wideband antenna array with low-sidelobe and low-profile 
performance is proposed and demonstrated.  A novel wideband 
waveguide T-junction divider with equal output-phase but unequal 
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power-division is proposed for the construction of amplitude-tapering 
feed-network.  This novel design is different from the asymmetric field 
distribution of the typical T-junctions used in power division in 
waveguides.  A quasi-Taylor distribution synthesis is applied to achieve 
amplitude taper at the array aperture.  Measured results indicate that the 
array can achieve a 13.8% bandwidth and a gain of more than 29.5dBi.  
The overall sidelobe levels are better than -25dB and the cross-
polarization is better than -40dB. 
(3) A novel wideband monopulse waveguide array is proposed to solve the 
bandwidth limitation problems from traditional designs.  Two novel 
Magic-Tees are proposed to achieve wideband and low-profile 
characteristics.  A wideband monopulse comparator network associated 
with one of the proposed Magic-Tees is designed to cooperate with a 
16×16 slot array consisting of four units of 8×8 sub-arrays.  Results show 
that the monopulse array can achieve satisfactory sum- and difference-
patterns over a wide bandwidth. 
(4) A new fabrication technique in 3-D metal-direct-printing is investigated 
and introduced to fabricate waveguide-fed antenna arrays.  This metal 
printing technique is inherently suitable for structures with complex 
innards like the waveguide-fed antenna arrays because it eliminates most 
of the fabrication problems existing in the traditional machining 
techniques, such as assembly gaps and layers’ alignment.  The 3-D 
printing technique is applied to fabricate the 8×8 antenna array and the 
monopulse array.  A novel diagnostic method is introduced to check the 
fidelity of printing the internal structures via the X-ray technique.  
Experimental results show that the 3-D printing technique can help 
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antenna achieve high efficiency and reduce weight through removing 
some structures that are not necessary for EM performance. 
 
1.3 Thesis Organization 
The thesis consists of five chapters.  Chapter 2 gives a brief literature 
review of the prior work in planar waveguide-fed arrays.  The motivation of this 
thesis is also presented in this chapter. 
Chapter 3 presents the study on the basic radiator used in this thesis; a 2×2 
wideband waveguide-fed subarray.  The electromagnetic properties of the 
subarray are investigated and analyzed.  Building upon the basic radiator, an 
8×8 antenna array is constructed and excited by a properly designed corporate-
fed network.  The antenna array is fabricated by both the traditional machining 
technique and the more novel 3-D metal-direct-printing technique.  The 
experimental results from both techniques are compared with each other and 
also with the simulated ones.  This part of work sets a design foundation for 
most of the following research. 
Chapter 4 is divided into two parts.  The first part investigates a low-
sidelobe and low-profile waveguide array.  The challenge in this part of work 
mainly exists in the design of a wideband amplitude-tapering feed-network.  
Design of a novel waveguide T-junction power divider and the implementation 
of a quasi-Taylor distribution on the feed-network are presented in detail.  
Experimental results of a 16×16 antenna array designed with the above-
mentioned technique are shown with the numerical results.  In the second part, 
a monopulse comparator network is designed to work with four units of the 8×8 
array, targeting at good radiation performance in a wide operational bandwidth.  
5 
 
Two types of Magic-Tee for wideband and low-profile comparator application 
are proposed and presented with details.  The final monopulse array is also 
fabricated by the 3-D printing technique and both the numerical and 
experimental results are given. 
The thesis is ended in Chapter 5 with the conclusion. 
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CHAPTER 2   





2.1 Literature Review 
As an important form of planar antenna, a waveguide-fed antenna array 
still occupies a decisive position in Radar application and Satellite 
Communication area although it has been in use for more than half a century.  
In particular, waveguide-fed arrays have some unique advantages such as high-
power handling capability, low insertion-loss, robustness, relative ease of 
realizing low sidelobe.  Such characteristics are exploited in many high-end 
applications, for instance, Passive Long-range Surveillance System, Airborne 
Fire-control System, Synthetic Aperture Radar (SAR) or transceivers in 
microwave links.  However, some of the disadvantages cannot be overlooked, 
e.g., narrow operational bandwidth (typical relative bandwidth around 1%~4%) 
and difficulties in constructing the power distribution network.  A number of 
applications have put higher requirements on the bandwidth of the waveguide-
fed planar array, e.g., high resolution SAR [1-3].  In the meantime, some of the 
applications have extra requirements on the antenna array to have low profile, 
low sidelobe levels, dual-polarization with high cross-polarization suppression 
(typically lower than -25dB [4]).  For instance, European Space Agency (ESA) 
developed a C-band dual-polarized waveguide-fed slot antenna array working 
at 5.3GHz with 150MHz bandwidth and a better than -35dB cross-polarization 
[5].  The German Aerospace Center also proposed an X-band dual-polarized 
planar waveguide-fed array operating at 9.65GHz with more than 150MHz 






2.1.1  Radiating Element 
For a waveguide to operate as an antenna, slots are usually cut in the 
waveguide to allow radiation.  They are cut at carefully chosen locations on the 
waveguide walls to disturb the surface current of the waveguide and create 
radiation.  The study of waveguide slots began in the 1940s and its analysis 
techniques now are mature.  A.F. Stevenson did the pioneering work in this area 
and proposed the electric field integral equations on the slot and the approximate 
solution of the resonant slot length was also given [8].  Although the slot’s 
conductance can be obtained in this way, it was not possible to derive its 
susceptance.  Later, Arthur A. Oliner theoretically derived the real part and 
imaginary part of narrow radiating slots in the broadside of rectangular 
waveguide by the use of variational expressions coupled with certain stored 
power [9, 10].  However, it did not take into account of higher order modes 
created due to the perturbation.  Furthermore, it is difficult to calculate the effect 
of waveguide wall thickness precisely.  Fortunately, with the help of ever 
increasing computing capability, numerical methods such as Method of 
Moment (MoM), Finite Element Method (FEM) and Finite Element Time 
Domain (FDTD) methods have become tractable and are now routinely used for 
design.  A number of well-known commercial software based on these methods 
had been developed and they are convenient tools for the exploration of various 
waveguide slot antennas. 
Elliott extended to work to waveguide-fed slot arrays and made 
significant contributions in this area.  His work [11-13] helped to build up a 
mature theoretical foundation for this kind of array.  Conventionally, slotted 
waveguide antennas are usually series-fed and can be classified into two main 
categories; (i) standing-wave arrays and (ii) travelling-wave arrays.  Standing-
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wave arrays have a boresight beam at the center frequency but a narrow 
reflection and gain bandwidth (<5.5% [14, 15]), while travelling-wave arrays 
produce a wide reflection/gain bandwidth (<10% [16]) but other than the 
broadside beam at the design center frequency, all other frequencies have a 
beam tilted from the boresight.  Series-feed is usually the preferred choice to 
reduce the complexity corporate-feed when fabricating such waveguide arrays.  
The travelling-wave arrays are more common in the larger arrays, whereas 
smaller arrays are usually the standing-wave types.  This is because in large 
arrays, loss due to the long transmission line and power absorption at terminal 
loads would result in lower efficiency [17].  On the whole, these two kinds of 
array are not able to achieve very wide bandwidth with traditional design 
because the amplitude and phase of each radiating element are frequency 
dependent and would deviate from the required aperture distribution at 
frequencies other than the center frequency [18].  Some publications reported 
utilizing series-shunt slots, inclined slots (Fig. 2.1) or element individual 
matching method can help to broaden the array operational bandwidth [19-21]; 
sometimes at the expense of poorer cross-polarization levels.  Although it is 
ideal if each radiating element can be matched to a wide bandwidth individually, 
problems arise since the width of these feed-waveguides exceeds half a 
wavelength.  It is therefore not geometrically possible to parallel feed each 
radiating element with a network in one plane without enlarging the element 
spacing beyond one wavelength, which would easily cause grating lobes [22].  
An efficient way to increase the waveguide-fed antenna array is to divide the 
array into multiple subarrays and all the subarrays are fed by a wideband and 




(a) broad-wall slot; (b) narrow-wall slot; (c) cross-slot; (d) dumb-bell slot 
Fig. 2.1  Different waveguide slots [21]. 
 
2.1.2  Feed-Network 
Other than choosing a proper-designed radiating element, further 
improvement in array efficiency comes from the adoption of low-loss feed-
networks [24].  In recent years, loss-reduction techniques which operate on the 
architecture of the feed-network have been investigated and mainly focused on 
the implementation of series-feed network and corporate-feed network. 
In the design of waveguide-fed antenna arrays, feed-networks are often 
limited by tight spacings.  Smaller element spacings often force waveguide 






antenna arrays have the advantages of being less complex and often having 
lower loss than corporate-feed networks [26].  However, it is more problematic 
to maintain equal excitation amplitude and phase away from the design 
frequency, which results in a narrow operational bandwidth [27, 28].  
Applications that require more than a few percent of instantaneous bandwidth 
would therefore require the use of a corporate-feed network. 
Within a corporate-feed network (Fig. 2.2(b)), both power splitting and 
excitation phase remain equal away from design frequency, as the distance from 
each radiating element to the feed point is equal [27].  This characteristic 
ensures a larger bandwidth.  On the other hand, corporate-feed networks offer a 
flexible feeding technique which is particularly effective when the phase of any 
of the elements of the array has to be dynamically controlled, as in the case of 
arrays steering in the two principal planes whereas series-feed can be steered 
only in one direction [29-31].  Nevertheless, the trade-off is that the corporate-
feed networks are more prone to losses, compared with the series-feed networks. 
Therefore, a proper feed-network required to feed a waveguide-based 
antenna arrays should consider the available spacing, bandwidth and efficiency.  
A compromise solution employing hybrid series- and corporate-feed network 




(a) series-feed (bottom layer) [33]                     (b) corporate-feed [34] 
Fig. 2.2  Two types of feed-network. 
 
2.1.3  Fabrication Methods 
There are many ways to fabricate waveguide structures.  With the 
increasing need in industry to go further into high frequency, the fabrication of 
complex waveguide structures presents a challenging problem.  Currently, there 
are several manufacturing options for consideration, such as Electro-forming, 
Dip-brazing, Electric Discharge Machining (EDM) and Computer-Numerical-
Control (CNC) machining [35].  In particular, in the fabrication and 
manufacture of microwave components, dip brazing is the gold standard method 
for connecting metallic portions together [36].  Pieces of the waveguide 
structure must first be machined from a solid block of material, typically 
aluminum or an equivalent aluminum alloy.  A thin doping layer acts as a 
bonding agent and is applied to the aluminum pieces on the edges of the surfaces 
to be joined; this drops the melting temperature of the metal only where it 
contacts.  The alloy is heated until the agent melts and flows to form the brazed 
bond.  The finished waveguide is then placed into a bath of molten salt and then 
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brought up to the metal’s near-melting point [37].  Examples of commercial 
microwave components fabricated via dip-brazing are shown in Fig. 2.3. 
 
Fig. 2.3  Dip-brazing waveguide components [38]. 
 
However, a lot of trial and error and experience are required to derive the 
exact temperature profile that will braze the joints but not melt the waveguide 
pieces into an unrecognizable blob.  After the waveguide is removed from the 
bath it must be hardened [37].  During the brazing and hardening process, it is 
stressful for both structures because the brazing occurs near the melting point 
and there are often temperature variations within the bath.  The stresses may 
cause deformations and distortions in the waveguides which introduce losses 
[36, 39].  At higher frequencies such as Ku-band or K-band, this becomes a 
serious problem. 
On the other hand, when adopting dip-brazing for multilayer antenna 
array assembly, the brazed seams are difficult to be fixed dimensionally and it 
is impractical to visually inspect the critical internal dimensions between the 
layers.  This is problematic not only because of the difficulty associated with 
alignment, but also because, invariably, there are gaps between the surfaces [37].  
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At high power levels, the gaps cause undesirable arcing and losses which 
degraded the performance of the antenna and the system. 
Most importantly, dip-brazing limits the size of the components to be 
brazed.  Since the outer area to be brazed must be heated, large plates cannot be 
easily brought up to temperature uniformly [40].  This is the major disadvantage 
for fabricating large flat plate antenna array. 
Alternatively, for research purpose, large complex antenna arrays can be 
machined in several plates and secured with screws in proper places [41-44].  
Some critical places may need to add microwave chokes in order to further 
prevent wave leakage [45]. 
 
Therefore, according to the abovementioned review, if one expects a 
wideband and high-efficiency waveguide-fed antenna array, it is a need to 
choose a proper radiating element and design a commensurate waveguide feed-
network, as well as to ensure it is fabricated under good condition.  These inspire 
the work of this thesis, which is detailed in the next section. 
 
2.2 Motivation 
The research in this thesis mainly focuses on the design and 
implementation of wideband waveguide-fed planar antenna array for various 
applications.  Although the very fundamental theories of rectangular waveguide 
slotted antenna have been studied in the last few decades, Johan Joubert et al. 
[46-57] further developed a quite comprehensive research in the 1990s on the 
numerical analysis and algorithms of waveguide-fed slots in different radiating 
types, e.g., broadwall slots, edge slots.  Almost in the same period, another two 
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groups have developed several kinds of practical waveguide-fed antenna arrays.  
Makoto Ando & Jiro Hirokawa group has published a series of work in planar 
slotted waveguide antenna arrays [41-45, 58-86].  Due to limitations of 
fabrication using machining methods in early stage, most of their work focused 
on designing single layer leaky wave slotted waveguide arrays with series-feed, 
including single-mode in-phase waveguide arrays [41-44, 61-65, 67-69] and 
radial line slotted antenna [66, 74, 87, 88] (Fig. 2.4).  Later, a series of single-
mode alternating-phase fed single-layer slotted waveguide antenna arrays were 
proposed which had the feed-waveguide in the same layer of the radiating 
waveguides for the simpler fabrication [45, 72, 73, 77-79, 81, 82, 85, 86, 89].  
They were characterized by high-gain and mass-productivity, and this design 
had been adopted for a subscriber antenna for the fixed wireless access system 
[33].  Unfortunately, these arrays with series-feed have a fundamental problem 
that the bandwidth is narrowed due to the long-line effect when the array size 
becomes large [23].  To improve the bandwidth, two types of partially 
corporate-feeds were introduced which kept the single-layer structures.  The 
center-feed type [80] halved the long-line effect by arranging the feed-
waveguide at the center of the antenna in the comparison with the end-feed type. 
The partially corporate-feed type [90] quartered the long-line effect by dividing 
the antenna into four subarrays.  However, the efficiency of these antenna arrays 





(a) single-mode in-phase waveguide array [64]; (b) radial line slotted antenna 
[88]; (c) alternating-phase fed waveguide array [45]; (d) center-feed 
waveguide array [80]. 
Fig. 2.4  Single-layer slotted waveguide antenna arrays. 
 
Tomas Sehm et al. have developed several large planar arrays consisting 
of waveguide corporate-fed horns in the Ka-band and U-band for wideband 
application [34, 91-97] (Fig. 2.5).  Each horn element is fed by an H-plane 
waveguide individually and therefore easier to achieve wide operational 
bandwidth by choosing the right kind of feed-network.  Nevertheless, problems 
arise since the widths of these H-plane waveguides are larger than half a 
wavelength and it is not geometrically possible to parallel feed each radiating 
element with a network in one plane without enlarging the element spacing 
beyond a wavelength [91].  In these designs, the element spacings were set to 





lobes [94].  Although some techniques have been applied to minimize the 
grating lobe effect, the antenna efficiency is about 40% at best. 
 
(a) a planar horn array at 58GHz [34]; (b) a planar horn array at 40GHz [98]. 
Fig. 2.5  Planar horn antenna arrays. 
 
Recently, a double-layer corporate-feed slot array with an efficient 
manufacturing method called diffusion bonding of laminated thin metal plates, 
has been experimentally proven to be a good candidate to achieve wideband and 
high-gain in a millimeter-wave band (e.g., 60GHz and above) [99-110] (Fig. 
2.6).  The antenna efficiency can be better than 80% over the entire bandwidth.  
However, this method may not be suitable for fabricating “lower” frequency 
band arrays, e.g., X-Band and Ku-Band, because of its difficulty to achieve 
high-temperature and pressure uniformly during the processing of a “larger” 
size array at these frequencies.  Any uneven surface and deformation of the 
structure will result in poor impedance matching and high loss at these 
frequencies.  More uncertain factors would also be introduced into the actual 
fabrication, especially from the long processing time and the difficulty of testing 





(a) double-layer slot waveguide antenna array [23]; (b) dual-polarization 
waveguide antenna array [109]. 
Fig. 2.6  Arrays fabricated by diffusion bonding technique. 
 
With all the aforementioned in mind, one realizes that there are three main 
factors affecting the design of a wideband waveguide-fed planar antenna array; 
(1) a well-designed radiating element, (2) a proper power distribution feed-
network and (3) a suitable manufacturing technique. 
Therefore, the research of this thesis begins with the study of a wideband 
2×2 waveguide-fed subarray instead of a single radiating element, leaving 
sufficient space for allocating a waveguide corporate-fed network beneath the 
array.  Subsequently, a waveguide feed-network with appropriate amplitude 
taper is designed for low sidelobe application.  A low-loss comparator network 
is also proposed to integrate with four units of 8×8 antenna array to achieve a 
wideband monopulse array.  Although these designs also face the similar 
fabrication problems as some of those detailed in the literatures, a novel 3-D 
metal-direct-printing technique is applied to overcome these issues.  
Experimental results of the 3-D printing prototypes reveal this is a promising 






CHAPTER 3   




This chapter starts with the design of a 2×2 wideband subarray.  It is the 
basic building block of larger arrays.  The basic structure is shown in Fig. 3.1.  
The subarray is an aperture of four slots fed by a cavity; which is in turn fed by 
an aperture in a rectangular waveguide at the bottom most layer.  The overall 
structure is designed to achieve wide bandwidth and high-gain.  It is applied to 
design an 8×8 slot array consisting of a multitude of 2×2 subarrays with a 
wideband corporate-feed network.  This part of study sets a design foundation 
for the rest of the work in this thesis.  The chapter culminates in the application 




Waveguide-fed arrays are typically chosen when high efficiency is 
needed.  This choice is especially important for relatively large arrays and at 
frequencies of X-band and beyond because losses in large printed array can be 
significant.  A multilayer coupling slot antenna array is a good candidate for 
high-gain and high-efficiency application since it neither suffers from dielectric 
losses nor radiation losses when compared to the microstrip patch antenna 
arrays [24, 111-113].  However, conventional slotted waveguide antenna arrays 
require specialized fabrication techniques like dip-brazing due to the 
complicated three-dimensional feed structures of the radiating waveguide arrays 
[15, 43, 114].  Alternating-phase series-fed slotted waveguide arrays were 
proposed to enable the associated waveguide feed-network to be in the same 
layer of the radiating elements in order to simplify the fabrication process [45, 
72, 73, 77-79, 81, 82, 85, 86, 89].  Unfortunately, these series-fed arrays have a 
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fundamental drawback as the bandwidth is narrow due to the “long delay-line” 
effect as the array size becomes large.  Series-fed arrays are also prone to beam 
squinting.  A wideband and high-efficiency corporate feed antenna was reported 
in the 12-GHz band [115], but a dielectric material was needed to suppress 
grating lobes as the grid spacing employed was larger than one wavelength.  
Therefore, for waveguide corporate-feed arrays with multiple layers, it is 
essential to solve the problem of routing a feed-network to minimize fabrication 
complexity while preserving performance. 
In this chapter, a 2×2 multilayer waveguide-fed subarray antenna is 
investigated to achieve wideband and high-gain characteristics.  One of the most 
important criteria is to couple energy from the waveguide at the bottom layer to 
the slots at the aperture to achieve equal power and phase distribution.  When 
the subarray is adopted to construct a larger array, a proper feed-network has to 
be designed with good reflection suppression.  Although the multiple layer 
structure has potential of enhancing degrees-of-freedom in feed-network design 
to achieve wide bandwidth, a key challenge is the routing of power distribution 
network while considering fabrication issues.  Therefore, a novel 3-D printing 
technique is subsequently introduced into the array’s manufacturing to enhance 
antenna efficiency. 
 
3.2 Antenna Array Design 
3.2.1  2×2 Subarray Element 
Fig. 3.1 shows the sketch of 2×2-element subarray with related structural 
parameters.  The subarray is constructed by 2×2 radiating slots (④) on a cavity 
(③) and it is excited by a coupling aperture (②) placed on the center of the 
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cavity from the bottom feed waveguide (①).  The 2×2 radiating slots can be 
considered as one element fed by the coupling aperture so that the slot spacing 
should be less than one wavelength.  The cavity is divided into four spaces by 
two sets of walls placed in both x- and y-directions, which are utilized for 
impedance matching and suppressing unwanted high-order modes.  In order to 
realize strong excitation for the cavity, the aperture is placed longitudinally 
along the feed waveguide with large offset from the center axis of the waveguide, 
which makes the waveguide asymmetrical with respect to the aperture (Fig. 3.1: 
①② Top View). 
The idea of adopting 2×2-element subarray as the radiating element was 
first reported in [116] for designing a broadband slotted multimode waveguide 
antenna array.  Subsequently, a similar design of the 2×2 subarray was proposed 
to construct a highly efficient array fed by a waveguide corporate-feed network 
in the 60GHz band [23].  The same subarray has also been analyzed by using 
the hybrid MoM/FEM with numerical eigenmode basis function [117, 118].  
Although a special manufacturing technique, diffusion bonding of laminated 
thin metal plates, has been applied in [23] for fabricating this structure at such 
millimeter-wave frequencies, it is essentially not suitable for fabricating large 
arrays in “lower frequencies” such as X/Ku-band, as illustrated in Section 2.2.  
On the other hand, it is also hard to apply uniform dip-brazing on the multilayer 
large plates, which has been explained in Section 2.1.3.  Here, in order to 
maintain the high-power handling capability of waveguide structures, the 
antenna array is machined with milling technique and assembled by screws at 





Fig. 3.1  Configuration of the 2×2-element subarray. 
 
The operating mechanism of the 2×2-element subarray is illustrated in Fig. 
3.2.  The magnetic field (H-field) distribution is represented by dashed arrow 
lines in the cavity.  The H-field of the dominant TE10 mode in the feed-
waveguide mainly has the y-component at the coupling aperture (②).  As the 
cavity (③) has a symmetrical structure, all the four radiating elements (④) of 
the subarray can be excited with equal phase and amplitude by offsetting them 





Fig. 3.2  Operation mechanism of the 2×2-element subarray. 
 
3.2.2  Numerical Analysis 
The 2×2 subarray is analyzed by the commercial simulator HFSS®.  As 
the subarray will act as a basic element to construct a larger array, the external 
regions of the subarray are set to be two sets of periodic boundaries in order to 
consider the mutual coupling effect in an infinite two-dimensional array of 
radiating slots.  The analysis model is shown in Fig. 3.3.  For the internal 
structure of the subarray, most of the right-angled corners are replaced by fillets 











Fig. 3.3  Analysis model of the 2×2-element subarray. 
 
In this work, the center frequency for the design is 15.0GHz and the 
objective is to achieve more than 10% wide bandwidth.  The selection of initial 
value for waveguide-port dimension focuses mainly on its broad-wall width (a) 
and narrow-wall height (b).  Because the latter determines the thickness of the 
feed waveguide layer, a smaller b is expected for the purpose of reducing the 
total height of the array while maintaining a good power handling capability.  
Theoretically, the dimension of waveguide port for dominant TE10 mode 
transmission should meet the following requirement: 0 < b < 0.5λ0 < a < λ0, 
where λ0 is the wavelength in free-space [119].  λ0 is 20mm when the interested 
central frequency is at 15.0GHz in the Ku-Band.  In addition, the slot space (s) 
between adjacent slots should be less than one wavelength so as to avoid grating 
lobe effect.  Here, s is fixed to be 0.75λ0 in the x- and y-directions during the 
array design. 
As the slot spacing is fixed, the resonant frequency and bandwidth of the 
subarray are dominated mainly by the design of the radiating slots and the cavity.  
Here, the parameters are the dimension of the slot (m, n) and that of the inner 










(m) should be about a half wavelength in order to achieve strong resonance.  The 
frequency response with different slot length values is plotted in Fig. 3.4, where 
one can observe deep resonance would occur when the length is close to 0.5λ0.  
On the other hand, the resonance reactance is heavily dependent on the mutual 
coupling influenced by the slot width (n), the behavior of which is reflected on 
the bandwidth performance with changing its value shown in Fig. 3.5.  A wide 
bandwidth can be obtained by choosing a correct n value.  The subarray 
reactance can also be achieved via adjusting the cavity walls’ position (k, l) in 
x- and y-direction, respectively.  An example of the reactance behavior with 
various l values is shown in Fig. 3.6.  It can be seen that a longer wall in y-
direction would produce a better reactance.  In addition, the two x-directed walls 
are necessary to suppress unwanted higher modes in the cavity. 
 




Fig. 3.5  Effect of slot width on the subarray performance. 
 




Theoretically, the function of the aperture plate (②) in the subarray is 
similar to the slot plate (④) on the top, which is utilized to radiate the power 
coupling from the cavity.  The objective of the aperture is to maximize the 
energy coupled from the feed waveguide (①) to the cavity (③).  The length of 
the aperture (c) is correlated to the position of walls (l) in the x-direction (Fig. 
3.1: ③④ Top View).  A parametric study of the aperture length versus 
reflection coefficient is shown in Fig. 3.7.  It can be observed that the parameter 
mainly influences the subarray bandwidth at higher frequency. 
For the waveguide plate in the bottom layer, the main factors that affect 
subarray performance are the dimensions of the waveguide port: width (a) and 
height (b).  Essentially, the input impedance of the waveguide can be controlled 
by the two parameters in terms of reactance, as shown in Fig. 3.8 and Fig. 3.9.  
Additionally, Fig. 3.10 shows the relationship between different port widths and 
the bandwidth performance of the subarray.  Fig. 3.8 and Fig. 3.10 reveal a 
narrower waveguide port is easier to achieve wide bandwidth when other 




Fig. 3.7  Effect of aperture length on subarray performance. 
 




Fig. 3.9  Effect of feed-waveguide height on subarray reactance. 
 




Based on the aforementioned analysis, a design procedure can be 
summarized as below: 
(1) The slot parameters m and n are chosen first to determine the desired 
resonant frequency and initial bandwidth performance of the subarray; 
(2) The parameters controlling the cavity walls’ position, k and l, are 
selected to achieve better wideband impedance matching.  One also 
notes that the thickness of the slot and cavity, e and f, would also affect 
the bandwidth; 
(3) The position of aperture (i, j) is shifted from the center line of feed-
waveguide to realize strong resonance and a is determined to improve 
the input impedance matching; 
(4) In order to obtain a wider bandwidth, (2) and (3) would be reworked. 
 
After running the design procedures and some optimization, a wideband 
2×2-element subarray antenna can be obtained with high gain.  Detailed values 
of the subarray parameters are listed in Table 3.1.  The numerical results of the 
2×2-element subarray in terms of reflection coefficient and radiation patterns 
are shown in Fig. 3.11 and Fig. 3.12, respectively.  The bandwidth where |S11| 
< -10dB is from 14.2GHz to 15.9GHz, giving a relative bandwidth of 11.3%.  
The sidelobe level (SLL) is about 13dB lower than main-lobe (which is typical 
of a uniformly excited array) and the cross-polarization is better than -33dB.  
Gain vs. frequency performance is shown in Fig. 3.13 and the subarray antenna 






Table 3.1  Dimensions of the subarray (unit: mm). 
a b c d e f g i 
12.0 4.4 10.5 4.1 5.0 2.0 2.0 5.25 
j k l m n p q s 
1.9 9.5 5.25 11.5 6.8 2.5 2.5 15.0 
 
 
Fig. 3.11  Bandwidth performance of the 2×2 subarray. 




























Fig. 3.12  Radiation patterns of the 2×2 subarray at 15.0GHz. 
 





3.2.3  Design of Feed-Network 
Although in the Section 3.3.2, numerical results showed that the subarray 
achieved good performance, the most important issue for extending the subarray 
to a complete array is to design a commensurate feed-network. 
A 2×2 corporate waveguide feed-network for a 4×4 antenna array has 
been designed firstly to investigate the partial feed-network standalone 
performance.  The design model of the five-port network is shown in Fig. 3.14.  
The waveguide network consists of two H-plane T-junctions, which can also be 
considered as an H-plane H-junction.  Corporate configuration is utilized to 
design the feed-network here because of its natural wideband characteristic.  
The top-view of this sub-network is shown in Fig. 3.15 with relevant parameters.  
Theoretically, the input power should be divided equally from Port1 to other 
ports and the return loss at Port1 should be as low as possible.  In order to 
improve this performance, single septum and pairs of window are incorporated 
in the structure.  They are inductive in nature and their equivalent circuit is also 
sketched in Fig. 3.15.  The optimum parameter values of the H-junction can be 
obtained after few rounds of numerical analysis in the simulator, as listed in 
Table 3.2.  Fig. 3.16 shows the result of the input reflection of the feed-network, 
which is tweaked to be below around -30dB in a wide bandwidth.  Equal power 
division can be observed from the transmission coefficients which maintain at 
around -6dB.  Therefore, according to the similar procedure, a final 4×4 
corporate waveguide feed-network for an 8×8 antenna array, with a 
combination of multiple H-plane T- and H-junctions, is designed to excite all 
the coupling apertures uniformly in both amplitude and phase, as shown in Fig. 
3.17.  The complete 8×8 antenna array associated with the feed-network is 





Fig. 3.14  Configuration of the 2×2 feed-network. 
  
 
Fig. 3.15  Top-view of the 2×2 feed-network and equivalent circuit. 
 
Table 3.2  Dimensions of the 2×2 feed-network (unit: mm). 
l1 l2 w1 w2 h 





Fig. 3.16  Reflection coefficient of the 2×2 feed-network. 
 
 





Fig. 3.18  8×8 array overview. 
 
3.2.4  Feed Port Excitation 
For ease of fabrication and measurement, a coaxial probe is incorporated 
for the array excitation.  This design can efficiently avoid adopting the standard 
waveguide connector for feeding, which requires adding another transition part 
from standard waveguide to the existent waveguide port and may introduce 
uncertain levels of reflection into the feed network.  On the other hand, it can 
also reduce the total cost of the array production by using the traditional SMA 
connector in this design instead of more expensive high-frequency standard 
waveguide connector.  Furthermore, the coaxial probe can be considered as a 
part of the array, which makes tuning possible by adjusting the insertion length 
of the probe into the waveguide network after the antenna is fabricated.  To 
small extent, tuning the SMA probe can change the shunt-susceptance inside 
the waveguide and compensate the unpredictable reflection caused by the 
fabrication errors.  In Fig. 3.19, the original waveguide port is shorted by a 
conductor and the array is fed by the probe of SMA connector from the bottom.  
In order to achieve the maximum excitation and minimum reflection, the probe 
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should be placed at the center of waveguide broadside and around a quarter 
guide-wavelength (λg) from the short-end [120].  A top-view of the overall feed 
network, with ease of fabrication in mind, is shown in Fig. 3.20. 
 
Fig. 3.19  Feed method changing from waveguide to probe feed. 
 




3.2.5  Structural Details for Fabrication 
In general, multilayer structure cannot be easily fabricated by 
conventional techniques such as machining or die-casting.  One important 
aspect is to enable easy fabrication while reducing the chances of energy leaking 
through gaps when the layers are mated together.  In the mechanical design, on 
one hand, screws at strategic locations are used to secure all the layers together.  
On the other hand, some nested convex and concave parts are added into the 
surface of each plate to form choke grooves in order to reduce the internal wave 
leakage as much as possible.  Fig. 3.21~Fig. 3.23 show the mechanical assembly 
structures between adjacent layers.  All the right-angle corners are modified to 
fillets for facilitating the practical manufacturing process. 
 
Fig. 3.21  Nested structure design between ① and ②. 
 




Fig. 3.23  Nested structure design between ③ and ④. 
 
3.2.6  Experimental Results and Discussion 
This section is to present the experimental results of the proposed antenna 
array.  The whole array prototype is fabricated in aluminum with the milling 
technique to achieve light weight and high electrical conductivity, as shown in 
Fig. 3.24.  The array size is 146mm×146mm×20.4mm.  In Fig. 3.25~Fig. 3.30, 
both the simulation and measurement results are compared.  It can be observed 
in Fig. 3.25 that the simulated operational bandwidth with VSWR<2.0 is about 
12.5% (14.25GHz~16.15GHz).  However, the measured bandwidth of the 
prototype has deviations at both lower and higher frequencies, which results in 
a wider bandwidth (15.1%, 14.05GHz~16.35GHz) than the simulated one.  This 
is investigated and is traced to gaps between the sub-plates of the assembly that 
cannot be fully closed using screws.  The effect of feed probe’s insertion length 
on the array impedance matching was also tested and the results are shown in 
Fig. 3.26.  This phenomenon experimentally verifies the feasibility of the idea 




Measured radiation patterns associated with the simulated ones at center 
frequency as well as two other frequency points at the band-edge are shown in 
Fig. 3.27~Fig. 3.29.  At the center frequency, the side-lobe levels are lower than 
-13dB in both E- and H-plane and the cross-polarization levels better than -30dB 
are recorded. 
Fig. 3.30 presents the gain vs. frequency at array boresight; 25.1dBi gain 
is obtained at 15.0GHz.  Antenna gain is measured in the anechoic chamber by 
comparing with the gain of a standard gain horn.  The array aperture size (S) is 
determined as a square area with length of 120mm (8 elements × 15.0mm 
spacing).  The aperture efficiency curves (actually they are gain curves) are 
obtained by the relationship between theoretical gain and aperture directivity 
calculated by the classical method 4πS/λ2.  The directivity curve shown in Fig. 
3.30 is obtained from numerical analysis.  The measured gains in the bandwidth 
are about 1.3dB lower compared with the simulated one; and the efficiency 
achieved cannot exceed 80%.  The losses may come from the milling process 
errors and alignment errors during assembly.  In order to overcome the 
efficiency degradation due to the fabrication issues, a 3-D printing technique is 
introduced in the next section. 
 




Fig. 3.25  Bandwidth performance of the 8×8 antenna array. 
 




(a) E-plane (xoz-plane) 
 
(b) H-plane (yoz-plane) 




(a) E-plane (xoz-plane) 
 
(b) H-plane (yoz-plane) 




(a) E-plane (xoz-plane) 
 
(b) H-plane (yoz-plane) 




Fig. 3.30  Gain performance of the 8×8 antenna array. 
 
3.3 Application of 3-D Printing Technique 
In this section, a 3-D metal-direct-printing technique is introduced for 
high-gain waveguide antenna array fabrication.  As detailed in the last section, 
the 8×8 antenna array has to be separated into several layers then manufactured 
in the milling technique.  Eventually all the layers must be secured properly.  
However, the antenna performance suffers from the fabrication tolerance, 
assembly misalignment and gaps between adjacent layers, which in turn cause 
the wave leakage and gain drop.  Here, a 3-D metal-direct-printing technique is 
utilized to avoid the drawbacks from the conventional machining technique.  
This 3-D metal rapid prototyping technique offers the flexibility to fabricate 
waveguide structures with complicated embedded structures with good 
reliability and high-precision.  With the electromagnetic properties of the 
antenna array in mind, the predesigned 8×8 antenna array is printed in aluminum 
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alloy and experimental results are favorably compared to ones that are 
fabricated by the milling technique. 
 
3.3.1  Introduction of 3-D Printing Technique 
3-D printing has recently attracted lots of attention from scholars in 
different research areas because of its flexibility and versatility to rapidly 
prototype intricate three-dimensional (3-D) objects in a cost-efficient way.  
Essentially, the 3-D printing (or additive manufacturing) technique uses several 
methods to add material and form one thin layer at each time, building a product 
up instead of machining it away.  Complex parts that cannot be manufactured 
by a traditional process can be produced directly from computer aided design 
(CAD) data with a very short lead-time [121].  In electromagnetic (EM) and 
microwave research area, literatures have reported applying 3-D printing 
techniques to build antennas or microwave components with various materials 
[122-126].  Polymer-jetting rapid prototyping technique is quite mature and has 
been adopted in designing a Terahertz horn antenna [122], a Terahertz dielectric 
reflectarrays [123] and a 3-D Luneburg lens antenna [124].  Basic horn antennas 
and waveguide components have also been investigated [122, 123].  Although 
many 3-D printing methods can be used to accomplish these designs, until 
recently, the vast majority of materials used in the processes are non-conducting 
plastics, e.g., polymer, thermoplastics like acrylonitrile butadiene styrene 
(ABS).  In order to make a non-metal structure to function as an EM component, 
one has to coat the structure with electrolytic metallic plating, e.g., copper 
metallization [125].  Such coating process must be controlled carefully in order 
to guarantee that all internal surfaces of the antenna are evenly plated.  Any 
uneven plating may affect the electromagnetic performance, especially on 
51 
 
critical impedance matching structures like posts and irises.  Moreover, uneven 
surface finish after electrolytic plating may cause roughness on metal-surface 
which would further degrade the performance of the antenna.  Evaluation of the 
effect of different 3-D printed surface roughness has been studied in [127]. 
In this work, a study of using 3-D metal-direct-printing technique to 
fabricate antenna arrays fed by waveguide structure is presented.  The structure 
has a relatively complicated configuration that could not be fabricated in a 
single piece of metal via traditional machining methods like milling or wire-cut 
technique.  Conventional solution is to separate the structure into several parts 
and secure together via screws.  However, the inevitable adjacent gaps and 
alignment errors among the metal layers may degrade the antenna performance.  
The alternative option proposed in this work is to make use of 3-D metal-direct-
printing technique that would be able to eliminate the above-mentioned 
problems.  The whole metal structure can be obtained through one-off printing 
with high precision.  Furthermore, the weight of the antenna can be reduced by 
hollowing out parts of the structure that are not necessary for EM performance. 
 
3.3.2  Selection of 3-D Printing Technique 
In the last decade, there has been an enormous growth in the 3-D printing 
technologies with metallic materials.  Selection of the 3-D printing method for 
antenna fabrication is mainly based on the following criteria: (a) commercial 3-
D metal printing techniques available in the market; (b) metallic materials 
availability and their physical/electrical properties, e.g., density, electrical 
resistance; (c) printing quality specification, e.g., achievable accuracy, surface 
roughness and maximum building volume.  In current 3-D printing market, 
although there are lots of technical terminologies named by various developers 
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and technology suppliers, most of them effectively have similar basic objectives 
and use the same basic method and process.  The available 3-D metal printing 
technologies are possible to be classified into the following two groups: 
(1) Direct Metal Laser Sintering (DMLS).  Metal powder is spread over a 
build platform and a sharp spot laser source is used to bind tiny metal particle 
materials together by fusing them at a tiny spot.  This method bonds (sinters) 
the metal particles at an instant and it will just require some simple post 
processing after printing (e.g., removal of support structures, sandblast 
treatment for external surfaces).  Parts created with DMLS are fully dense and 
homogeneous with high detail resolution and exceptional surface quality.  The 
nature of the process allows the formation of hidden cavities, undercuts, 
complex air and water passages, and other structures which are impossible to be 
obtained via machining previously.  Parts can be built in hours or days rather 
than weeks, allowing for quick functional testing.  Printable metallic materials 
currently include aluminum, cobalt chrome, nickel alloy, stainless steel and 
titanium, having more than 97% of the properties of the wrought materials.  This 
technique was developed by EOS GmbH of Munich, Germany, and has been 
available commercially since 1995 [128, 129]. 
(2) Digital Part Materialization (DPM).  A layer of powdered metal is 
spread in the build box.  A print head moves across and deposits tiny quantity 
of chemical binder onto the layer of powdered metal according to the design.  It 
bonds the tiny metal particles temporarily for further processing.  When 
complete, the part is known to be in a green-state and later will be sent into a 
furnace for sintering to fuse the metal and burn out the binder.  This hardened 
part is about 60% the density of wrought metal.  As it still contains tiny internal 
gaps, a second thermal process is required to infill the gaps and bring the part 
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to full density.  Typically bronze is used as a filler.  The object will become 
solid finally and some post processing similar to the DMLS can be applied.  The 
technique was developed by ExOne Company [130]. 
In this work, the antenna is expected to be printed with considering the 
material cost, weight and electrical property.  Since currently there are limited 
options of metallic material for DPM technique commercially, e.g., stainless 
steel and bronze, DMLS is a good candidate due to lots of materials available 
for 3-D printing including aluminum with high precision.  Therefore, the DMLS 
technique is adopted to fabricate the predesigned 8×8 antenna array in 
aluminum. 
 
3.3.3  3-D Printing of Waveguide-Fed Antenna Array 
In this section, the DMLS technique is applied to print the 8×8 slot 
antenna array in aluminum.  The design method of the 8×8 slot antenna array 
has been detailed in Section 3.2.  The maximum printing size is 
250mm×250mm×325mm with the laser sintering system EOSINT M280 
provided by the EOS Company.  Selection of the antenna parameters should 
take the design specifications of the material and system capability into 
consideration.  The typical achievable part accuracy that can be provided by the 
manufacturer is ±0.1mm.  In addition, the minimum wall thickness largely 
depends on the printed area of the wall itself and the smallest printing thickness 
is approximately 0.3~0.4mm. 
 
3.3.3.1  Antenna Array Customized for 3-D Printing 
The cutaway view of the 8×8 antenna array for 3-D printing is as shown 
in Fig. 3.31Error! Reference source not found..  The array structure is similar 
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to the design presented in Section 3.2.  The difference of this work exists in the 
removal of some non-essential materials in the bottom layer of the array, which 
are not necessary for antenna performance.  No separation of the antenna body 
is required, the whole array can be obtained from one-off printing. 
 
Fig. 3.31  Cutaway view of the 8×8 antenna array. 
 
3.3.3.2  Fabrication Details 
The antenna is 3-D printed with an aluminum alloy called AlSi10Mg.  It 
is ideal for practical applications which require a combination of good strength, 
good hardness and low weight with great electrical conductivity.  The main 
composition of the material is listed in Table 3.3.  The rest of them are aluminum.  
The relative density of the material approximates 99.85% and the actual density 

















































The DMLS process builds the parts up layer-by-layer by melting fine 
AlSi10Mg powder with a laser beam, which enables one to fabricate extremely 
complex geometries such as free form surfaces and deep grooves.  Fig. 3.32 
shows the prototype of the 3-D printed antenna array.  In some places, channels 
are formed to further reduce the weight of the antenna (refer to the hollowing 
channels shown in Fig. 3.32(b)).  Such weight reduction can be easily achieved 
via 3-D printing without affecting the antenna performance.  Mounting posts 
are also printed to be compatible with the pedestal in the anechoic chamber.  
The antenna array is finally fed by an SMA connector. 
Fig. 3.33 shows the building process of the designed antenna array.  It is 
necessary to point out that, as this design has a rectangular cavity inside the 
structure, so one could not build up the prototype by laying it flat and co-planar 
with the horizontal plane (α=0deg).  When the antenna array is layer-by-layer-
printed horizontally, the numerous discontinuous segments in this plane could 
not support the prototype properly and causing it to collapse or deform easily.  
The antenna array model is required to place at an inclined angle with reference 
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to the base platform during the printing process.  This slanted placement would 
ensure the metal powder to be stacked up layer-by-layer continuously when 
each layer is printed horizontally.  Additionally, support structure should be pre-
built on the periphery of the prototype before printing the main body. 
However, after the part is built, it has different surface roughness 
depending on where and in which angle the surface is located in the printing 
machine.  In particular, in Fig. 3.34(b), the slanted printing would cause some 
roughness on the surfaces viewing from B-direction (B-surfaces) since there is 
no support structure underneath these surfaces.  B-surfaces have to endure the 
stress from the superjacent layers, which may warp slightly and therefore 
degrade the quality of surface evenness.  Conversely, the surfaces observing 
from A-direction (A-surfaces) are smooth.  The issue of B-surfaces could be 
further improved by post-processing in future work, e.g., grinding, filing, fine 
bead-blast finish. 
As the antenna array is built up as a whole piece of metal, it is not 
available to investigate the internal structure and printing quality by human eyes.  
One possible way is to take an X-ray of the prototype.  Fig. 3.35 shows the X-
ray image of the antenna array.  Different layers can be identified from the 
different color densities of the image and some critical structures are labelled.  





Fig. 3.32  Prototype of the 3-D printing antenna array. 
 
Fig. 3.33  Building procedures of the prototype. 
 




Fig. 3.35  X-ray image of the prototype. 
Screw threads are necessary for fixing the SMA connector and for 
mounting the antenna array to a test platform.  However, these screw threads 
are features that are too thin to be printed; they have to be manually tapped, as 
shown in Fig. 3.36.  Fig. 3.37 shows the measurement setup in the anechoic 
chamber. 
 



















Fig. 3.37  Measurement setup in anechoic chamber. 
 
Antenna prototypes fabricated via the DMLS technique and conventional 
milling technique, respectively, are shown in Fig. 3.38.  The weight of the 3-D 
printing prototype is about 230g, which is approximately one-fourth the weight 
of the one made via machining (950g).  Sizes of the two prototypes are 120×120 
mm2 (~6×6 at 15.0GHz) and 146×146 mm2, respectively.  As alluded 




Fig. 3.38  Prototypes of different fabrication techniques. 
 
3.3.3.3  Results and Discussion 
Performance of both of antenna prototypes obtained via DMLS 3-D 
printing and milling technique are measured and compared.  Results of 
simulation and measurement are plotted in Fig. 3.39~Fig. 3.46.  It can be seen 
from bandwidth performance in Fig. 3.39 that measurement result of the 3-D 
printed array (14.17GHz~16.07GHz, 12.6%, VSWR≤2.0) well agrees with the 
simulation one (14.25GHz~16.15GHz, 12.5%, VSWR≤2.0).  The former has 
a minor shift to lower frequencies, compared with the latter, which may have 
resulted from the aforementioned surface-roughness viewing from the B-
direction in Fig. 3.34(b).  Apparently, such roughness level appears not to have 
affected the antenna performance by much. 
Radiation patterns of E-plane (xoz) and H-plane (yoz) at the center 
frequency of 15.0GHz as well as two other frequency points at the band-edge 
are shown in Fig. 3.40~Fig. 3.45.  Good agreement between the measured 
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patterns of the 3-D printed prototype and those from the simulation can be 
observed.  At 15.0GHz, the side-lobe levels are lower than -14dB in both E- and 
H-plane and the pattern envelopes between measurement and simulation 
coincide with each other well.  Measured cross-polarization (xpol.) levels better 
than -30dB are recorded. 
Gain, directivity and array efficiency are plotted with frequency-
dependent in Fig. 3.46.  The measured gain of the 3-D printing prototype is 
around 1dB higher than that of the milling prototype in the operational 
bandwidth.  It is also obvious to find that the 3-D printed array can maintain 
more than 26.0dBi gain in the frequency range of 14.7GHz~15.8GHz, which is 
corresponding to higher than 90% efficiency and close to the numerical results.  
At the design frequency, the antenna gain is 26.3dBi and the efficiency is 94.1%.  
It is a considerable improvement compared to the array fabricated via traditional 
machining methods; the efficiency of which normally cannot exceed 75% [45, 
77, 80, 86].  It is clear that the DMLS 3-D printing technique has better 
manufacturing tolerance compared to the traditional fabrication techniques after 
assembly process is taken into account.  Resonances caused by unwanted gaps, 
energy losses due to gaps between adjacent layers and additional multiple 
reflections due to unpredictable misalignment during the assembly process have 
all been eliminated.  Moreover, additional microwave chokes or ridge gaps 
waveguide structures are no longer needed to design to prevent the 




Fig. 3.39  Bandwidth performance. 
 




Fig. 3.41  Radiation patterns of H-plane at 14.1GHz. 
 




Fig. 3.43  Radiation patterns of H-plane at 15.0GHz. 
 




Fig. 3.45  Radiation patterns of H-plane at 16.1GHz. 
 
 




A multilayer slot antenna array has been analyzed and designed to achieve 
wideband, high-gain and high-power handling characteristics.  Key issues 
focused on the design of a wideband 2×2 subarray as a basic radiating element.  
A wideband and low-profile corporate-feed waveguide network has been 
designed to incorporate with the radiation aperture to achieve uniform-
amplitude and equal-phase excitation.  The milling technique has been adopted 
to fabricate an 8×8 antenna array, which has to be separated in several plates 
and tightened by screws.  Experimental results showed the antenna array can 
operate in a wide bandwidth, but its gain and efficiency have some degradation 
due to the losses coming from fabrication and assembly process. 
In order to improve the efficiency, a novel fabrication method, 3-D 
printing technique, has been introduced.  Issues related to the selection of the 3-
D printing technique and fabrication details have been discussed.  Finally, the 
DMLS printing technique was applied to fabricate the 8×8 antenna array in 
aluminum.  The printing details can be verified by the X-ray image of the array.  
Measurement result showed a good agreement with the numerical one.  It also 
showed that the 3-D printed antenna array can achieve both gain and efficiency 
improvement compared with the one obtained from milling technique.  
Resonances caused by unwanted gaps, energy losses due to gaps between 
adjacent layers and additional multiple reflections due to unpredictable 
misalignment during the assembly process have all been eliminated.  It verifies 
that the 3-D metal-direct-printing technique is an efficient way to achieve 
desired antenna performance and a promising fabrication technique for realizing 






CHAPTER 4   





There are two objectives in this chapter.  One is to realize a proper 
amplitude distribution on the antenna aperture to achieve low sidelobe 
performance.  The antenna aperture consists of the 2×2 sub-array developed in 
Chapter 3.  Challenges mainly exist in the design of a corporate-feed network 
with appropriate amplitude taper to distribute power while maintaining phase-
balance.  The other objective is to design a low-profile and wideband planar 
monopulse array operating in the Ku-Band.  Challenges in this work are to 
achieve low-profile design of monopulse comparator while keeping a good 
wideband monopulse performance.  Both parcels of work are extension of the 
work in Chapter 3 where a highly efficient wideband 8×8 array at Ku-band is 
developed in both milling and 3-D printing technique. 
 
4.1 Low Sidelobe Array 
In the previous Chapter, a 2×2 sub-array was designed and it was used as 
a basic antenna element to design an 8×8 array fed by waveguide-based power 
dividers with equal power distribution.  The corporate-fed configuration meant 
that the bandwidth is only limited by the antenna element.  Equal power division 
also meant that the sidelobe levels cannot be better than -13dB as radiating 
aperture’s amplitude distribution is uniform.  In this Chapter, a design procedure 
is developed to achieve low side-lobe characteristic while maintaining 
wideband characteristics. 
The main challenge in this parcel of work is to design an appropriate feed-
network to achieve the required amplitude distribution at the radiating aperture.  
A synthesis method based on Taylor’s distribution [133] is selected.  An 
efficient approach to design an equal-phase but unequal-power symmetric 
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waveguide divider is proposed for constructing an amplitude-tapering feed-
network.  Although Taylor’s distribution is well-known, it is always applied to 
individual radiating element.  In this case, the basic array radiator is the 2×2-
element subarray introduced in the previous chapter and therefore the deviation 
from usual results is recorded and analyzed.  A 16×16 low side-lobe array is 
designed and its expected performance is confirmed by the experimental results.  
Issues related to mechanical fabrication, assembly and tolerance are also 
considered. 
 
4.1.1  Introduction 
Low sidelobe levels in far-field patterns are achieved by judiciously 
weighting the power applied to each element through a proper feed-network 
[134].  However, amplitude-taper with a specific sidelobe level is a nonlinear 
multivariable optimization problem which requires determining a large number 
of power division values within the feed-network.  This synthesis problem can 
be solved by some known analytical approaches such as the classical 
Schelkunoff’s mathematical theory of linear array [135], Fourier Methods [136] 
and Dolph-Chebyshev (D-C) distribution [137].  Nevertheless, such approaches 
have their intrinsic drawbacks during practical antenna design.  For instance, 
although the D-C distribution is frequently used to obtain uniform sidelobe 
characteristic by employing a Chebyshev polynomial function as the array 
factor, its non-monotonic distributions across the aperture and large amplitude 
spikes at the end of an array are difficult to achieve; and the equal-level far-out 
sidelobes tend to pick up undesired interference and clutter.  Furthermore, such 
patterns can be realized only by an array of discrete sources.  T.T. Taylor 
proposed a line source synthesis, which appeals to the synthesis of continuous 
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one-dimensional source distribution, thereby allowing one to design a desired 
side-lobe level with an improved array tapering efficiency [138].  The current 
distribution in this synthesis is a form of zero-order Bessel function with a single 
variable.  However, the beamwidth of the main lobe of this synthesis is much 
wider than that of D-C distribution [139]. 
The Taylor N_bar ( 𝑁 ) aperture distribution was developed as a 
compromise between the D-C distribution with its constant sidelobe levels in 
the bore-sight and near-in sidelobe region, and the 1/u sidelobe envelopes falloff 
of the sin(x)/x function in the far-out zone [133].  Here, (𝑁-1) is used to denote 
the number of the constant sidelobes.  The aim of this distribution is to obtain 
higher antenna efficiency with the first few equal sidelobes of the D-C 
distribution, while reducing interference and clutter as well as achieving a low-
Q distribution with shifting far-out sidelobes to produce a 1/u envelope [140].  
The Taylor’s distribution has been applied in a number of published works for 
low sidelobe array design, and most of them implemented this method in 
microstrip planar arrays due to the ease of designing power-taper networks on 
microstrip lines [141-144].  However, it is difficult to achieve high gain and low 
side-lobe levels (e.g. better than -25dB) in printed circuit arrays because of their 
intrinsic limitations; surface wave effect, mutual coupling between radiating 
elements, parasitic radiation from feed-network and tolerances in fabrication 
[145].  On the other hand, since waveguide structures occupy a relative large 
space and lacks design flexibility, it is difficult to design an appropriate 
waveguide power-weighting feed-network while considering amplitude and 
phase distributions among antenna apertures at the same time [146, 147].  
Moreover, very large waveguide arrays fed by an amplitude-taper feed-network 
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may exhibit gain degradation due to a large amount of energy contained in the 
sidelobes [148-150]. 
One approach published recently for producing low sidelobe performance 
in waveguide structure was to use a diagonal plane or 45-degree plane of 
uniformly excited slots in a square array [107].  In this case, there was no need 
to trade off gain.  However, an additional thick layer composed of radiating slots 
inclined at a 45° to the arrangement directions of the excitation slots has to be 
added on the basic model of a corporate-feed two-dimensional slot array 
antenna [23].  This resulted in an antenna with double the thickness of the 
original design. 
Here, the Taylor’s distribution is chosen to design a non-uniform power-
distribution waveguide-network without increasing the antenna’s thickness.  An 
efficient method for designing equal-phase but unequal-power waveguide 
dividers is proposed to construct the feed-network.  A slot antenna array is fed 
by a corporate network in order to obtain a tapered power-distribution to avoid 
bandwidth reduction due to the more common series-fed network.  This leads 
to a low sidelobe performance of the array. 
 
4.1.2  Waveguide Power Divider 
As mentioned previously, in order to obtain low sidelobe patterns in an 
antenna array, it requires a feed-network to distribute proper amplitude and 
phase among the array aperture.  Particularly, in waveguide-fed antenna arrays 
where high-power handling is needed, basic power dividers such as T-junctions 
with an appropriate power-split and phase balance are indispensable to the 
whole feed-network [34, 94].  There are numerous publications that focused on 
the research of H-plane T-junctions impedance matching design and most 
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adopted either a septum or an inductive post to split the power while minimizing 
the reflection [61, 151-155].  Analytical methods have also been reported [155-
159], and their practical application in constructing array feed-networks [34, 94].  
Although low input reflection and the required power-split ratios could be 
obtained in these T-junctions, the only way to achieve phase balance between 
the two output ports is to modify the length of one output branch compared to 
the other one’s in order to compensate the phase difference.  However, these 
designs would destroy the symmetry of T-junction and result in an even larger 
feed-network eventually.  Besides, most of their operational bandwidths are 
limited. 
Therefore, a novel technique is proposed to design an equal-phase and 
unequal-power-division T-junction without changing the length of either of the 
output branches for phase compensation.  The output ports’ location is fixed to 
be equidistant from the T-junction and the phase balance is controlled by the 
widths of the output branches.  As such, the physical symmetry, with respect to 
the T-junction, is maintained. 
 
4.1.2.1  Design of T-Junction Power Divider 
The proposed equal-phase and unequal-power-division waveguide T-
junction with equal-branch length is given in Fig. 4.1.  Here the physical 
symmetry of T-junction is illustrated; the central line of the input port (Port 1) 
is taken as reference, the physical lengths from this line to the two output ports 
(Port 2 and Port 3) are equal, i.e., l1 = l2 + d1 = l3 - d1.  The final waveguide port 
dimensions (a and b) are that of a standard WR-62 Ku-Band waveguide.  Fillets 
are incorporated to avoid sharp corners in order to take fabrication into 
consideration.  Different power-split ratios can be efficiently obtained by 
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offsetting a septum from the center.  The offset value (d1) is fixed at 1mm in the 
models shown in Fig. 4.1.  Impedance matching can be controlled by the 
dimensions of the septum (h1 and r1), and adding a window (p1) would help to 
further reduce the input reflections.  However, the phase difference between the 
two output ports is affected significantly while shifting the septum’s position to 
produce the required power ratio.  This is mainly due to the unequal wave 
propagating distances from the input port (l2 ≠ l3).  To solve this problem, 
traditional ways usually extend or shorten one of the output branches in order 
to compensate the phase difference [151-155].  However, this destroys the 
physical symmetry of the T-junction.  Instead of adopting the abovementioned 
asymmetric structure, one can consider increasing or slowing down the wave 
inside the T-junction so as to make the propagating wave arrive at the two output 
ports simultaneously.  The wave velocities can be controlled by tuning the 
widths of the output branches, i.e., n1 in Fig. 4.1(a) and n2 in Fig. 4.1(b). 
 




























(b) shrinking the branch width of Port 3 
Fig. 4.1  Symmetric T-junction #1mm. 
 
It can be understood that a waveguide with varying width introduces 
different propagating velocities and in effect produces the required phase 
compensation so that the physically symmetric of the unequal power divider is 
retained. 
The mathematical explanation is as follows.  According to waveguide 












 (Equation 4.1) 
where λc is the cutoff wavelength and λ0 is the wavelength in free-space [120].  












 (Equation 4.2) 
where v0 is the phase velocity in free-space and v0 = λ0 f.  For the dominant TE10 
mode, where λc = 2a and a is the width of the waveguide port.  Then Equation 




































 (Equation 4.3) 
Let the physical distance from input port (Port 1) to the two output ports (Port2, 
Port 3) be l2 and l3, respectively (Fig. 4.1), where: 
 2 1 1 3 1 1 ,  l l d l l d     (Equation 4.4) 
The corresponding wave propagation time from the split at the T-junction to the 
two output ports are denoted by τ2 and τ3 respectively.  The waveguide phase 
velocities in the two output branches are denoted by vp2 and vp3 respectively.  

































 (Equation 4.5) 
where a2 and a3 indicate the branch widths of the Port 2 and Port 3, respectively 
(Fig. 4.1).  The objective is to achieve unequal power division from Port 1 to 
Port 2 and 3 while maintaining equal phase match.  In other words, the time for 
the wave propagating from the input port to the two output ports should be equal, 


































 (Equation 4.7) 
One should note that, in order to make Equation 4.7 valid under the 
condition l2 < l3 in Fig. 4.1, a2 should be larger than a3.  Hence, there are three 
feasible ways to achieve this requirement: ① enlarging the branch width of Port 
2 alone, i.e., a2 = a + n1 in Fig. 4.1(a); ② shrinking the branch width of Port 3 
alone, i.e., a3 = a - n2 in Fig. 4.1(b); ③ enlarging and shrinking the branch width 
of Port 2 and Port 3, respectively.  To simplify the analysis, case ① is taken 
into account below and other cases can be analyzed in the same way.  Therefore, 
in this case shown in Fig. 4.1(a), a2 is enlarged from a to (a+n1) in order to 
reduce the waveguide phase velocity while a3 is unchanged.  The value of n1 
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 (Equation 4.8) 
According to Equation 4.5 and Equation 4.8, once the branch width of an 
output port (e.g., a3) is fixed, the time difference of the wave arrival at the two 
output ports is determined by the wave propagating velocity through adjusting 
the other output port’s width (a2).  Therefore, the unequal power division can 
be realized in this symmetric structure while maintaining phase balance from 
the input to the output ports.  However, one should note that the above analysis 
is not rigorous.  This is because l2 and l3 cannot exactly represent the wave 
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propagating lengths from the input port to the two output ports because of the 
higher order modes due to the abrupt discontinuation introduced by the septum.  
Also, the derivation did not account for higher order modes occurring due to the 
change of waveguide width.  But Equation 4.8 can provide a convenient way to 
get an initial trial value for the parameter n1 in numerical analysis and save time 
for the design of an equal-phase performance. 
 
4.1.2.2  Results and Analysis 
Based on the analysis in the last section, the phase balance in the 
symmetric T-junction can be realized by adjusting the widths of output branches.  
Numerical analysis has found that the phase balance can be further improved by 
optimizing the enlarging parameters (m1, n1) or the shrinking parameters (m2, 
n2).  Three T-junction configurations with the septum’s offset value d1 fixed at 
1mm have been fabricated: one without the equal-phase design, two with the 
equal-phase design as shown in Fig. 4.1(a) and (b).  Dimensions of the last two 
configurations can be obtained from numerical analysis and listed in Table 4.1.  
One of the prototypes is shown in Fig. 4.2 with and without adapters.  It is 
fabricated in aluminum by the milling technique and assembled with screws.  
Each port is connected to a WR-62 waveguide-to-coaxial-probe adapter during 
the measurement.  All the prototypes are measured with a two-port network 
analyzer while the third port is terminated by a matched load.  Experimental 
results compared with the analytical ones obtained from HFSS® simulation are 
shown in Fig. 4.3 and Fig. 4.4.  It can be seen from Fig. 4.3 that the measured 
power balance (|S21/S31|) remains almost unchanged in both designs (Fig. 4.1(a) 
& case ①) and (Fig. 4.1(b) & case ②).  Moreover, the reflections of the input 
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port, represented by the voltage standing wave ratios (VSWRs), are less than 
1.2 over the major part of the wide bandwidth in 13GHz~17.0GHz. 
Critically, the phase-balance improves significantly after adopting the 
proposed equal-phase design, as shown in Fig. 4.4.  It can be seen that the 
original phase difference without the phase-equalization technique is around 20º, 
whereas it is less than ±6º when the proposed technique is used.  The value of 
n1 in the enlarged design is 2mm, which is close to the estimated initial value 
(n1=1.6mm) based on Equation 4.8 of case ①.  Furthermore, the phase-balance 
improved phenomenon can also be verified by observing the electric-field plots 
in Fig. 4.5.  Compared with the T-junction without phase-equalization design in 
Fig. 4.5(a), waves propagating inside two output branches with equal-phase 
design almost reach the two output ports simultaneously, as shown in Fig. 4.5(b) 
and Fig. 4.5(c). 
Table 4.1  Dimensions of the symmetric T-junction #1mm. 
a b l1 l2 l3 d1 h1 
15.8 7.9 45 44 46 1 7.75 
r1 p1 q1 m1 n1 m2 n2 
0.75 1.4 1.5 23 2 14 1.6 
 
 




Fig. 4.3  Amplitude comparison of symmetric T-junction #1mm. 
 




(a) without equal-phase design; (b) enlarging the branch width of Port 2; (c) 
shrinking the branch width of Port 3. 
Fig. 4.5  Snapshots of electric-field plots #1mm (at 16.0GHz). 
 
However, when a large power ratio is to be realized with a larger septum 
offset, one cannot monotonically enlarge one branch width to compensate the 
phase difference without considering the possibility of occurrence of high-
order-modes.  Fig. 4.6 shows the structure of T-junction with d3 fixed at 2mm.  
Here only the branch width of Port 2 is enlarged to balance the phase difference.  
Dimensions of the T-junction are listed in Table 4.2.  Measured results are 
compared with the simulated ones before and after enlarging the waveguide 
width, as shown in Fig. 4.7 and Fig. 4.8.  A VSWR of less than 1.2 and 
consistent trends of power-division between measurement and simulation, as 
well as good phase balance improvement can be achieved with wideband 
performance.  However, there is an anomaly at 16.0GHz for both the amplitude 
and phase results, as the shadow areas shown Fig. 4.7 and Fig. 4.8.  Investigation 




the waveguide width is enlarged.  It can also be verified by a close looking at 
the field distribution in Fig. 4.13(a) where a TE20 mode is observed in the 
enlarged part.  Consequently, the occurrence of high-order-modes would limit 
the operational bandwidth. 
 
Fig. 4.6  Symmetric T-junction #2mm. 
 
Table 4.2  Dimensions of the symmetric T-junction #2mm. 
a b l1 l2 
15.8 7.9 45 43 
l3 d3 m3 n3 
47 2 26 4 
























Fig. 4.7  Amplitude comparison of symmetric T-junction #2mm. 
 




Therefore, a simple way is devised to solve this problem without 
monotonically adjusting one branch width alone.  When the larger power ratio 
is required, e.g., d4 = 3mm in Fig. 4.9, the branch width of Port 2 can be enlarged 
(n4) and that of Port 3 can be shrunk (n5) at the same time in order to avoid high-
order-modes.  The selection of values is similar to the case ③ of Equation 4.7.  
Detailed dimensions of the T-junction are listed in Table 4.3.  Fig. 4.10 shows 
the results of the T-junction with only one branch width modification.  A much 
wider branch width is required to compensate the larger phase difference caused 
by the larger power-division.  There is obviously a high-order mode occurring 
at around 15.8GHz, as shown in the shadow area in Fig. 4.10.  The results of 
the proposed method of adjusting widths of the two output branches are shown 
in Fig. 4.11 and Fig. 4.12.  The anomaly at around 15.8GHz has disappeared, 
which can be observed from the field distribution in Fig. 4.13(b), and there is 
relatively good agreement between measurement and simulation.  Phase 
difference between the output ports can be improved from around 65º of the 
original design to less than ±10º from 13.0GHz~15.3GHz.  The design method 
of the proposed symmetric T-junction power divider is applied to design a 
waveguide-based corporate-feed network with Taylor distribution for a 16×16 
























Fig. 4.9  Symmetric T-junction #3mm. 
 
Table 4.3  Dimensions of the symmetric T-junction #3mm. 
a b l1 l2 l3 
15.8 7.9 45 42 48 
d4 m4 n4 m5 n5 
3 22 2 22 2 
(Other parameter values are the same as in Fig. 4.1 and Table 4.1) 
 
 




Fig. 4.11  Amplitudes of two branch-widths modification #3mm. 
 





(a) d3 = 2m; (b) d4 = 3mm 
Fig. 4.13  Snapshots of electric-field plots #2mm #3mm (at 16.0GHz). 
 
4.1.3  Feed-Network with Taylor Synthesis 
The basic 2×2-element subarray building block is adopted to construct the 
16×16 antenna array.  The advantage of using such a structure is that a low 
profile and high gain array can be achieved.  However, as discussed previously, 
it is expected that the sidelobe performance cannot be better than -13dB when a 
uniform-amplitude distribution is employed.  Therefore, an appropriate power 
distribution feed-network is required. 
In order to design  a good amplitude-tapering feed-network to achieve low 
sidelobes, an 8×8 corporate-feed waveguide network comprised of the proposed 
T-junction power divider presented in the last section is needed to feed 64 2×2 




network is shown in Fig. 4.14.  A 30dB Taylor ?̅?=4 synthesis [160] is adopted 
to achieve amplitude taper.  Different septum’s offsets are needed to obtain the 
required power-splits.  Since the overall feed-network is symmetric in both x- 
and y-direction, only a quarter of the feed-network (4×4 network) is shown in 
Fig. 4.14.  Values inside the parentheses are the desired amplitudes for the feed-
network.  Each value inside the dashed box in Fig. 4.14 indicates the required 
power ratio of the corresponding T-junction.  Three different configurations of 
these T-junctions are required for the overall design.  The required power 
distributions are ①1.77dB, ②5.58dB and ③7.14dB.  Numerical results 
shown in Fig. 4.15 reveal that good phase-balance can be maintained among the 
output ports (right-axis).  It was found in the simulation that the phase difference 
is within 15 degrees, which is due to a series phase deviation caused by 
cascading of multiple waveguide T-junctions.  The feed-network can also 
achieve stable power distribution (left-axis) in the bandwidth from 14.5GHz to 
16.2GHz with a return loss better than 20dB (pin_in). 
The feed-network is in turn excited by a low-cost SMA connector.  The 
coaxial probe can be considered as a part of the matching circuit, which makes 





Fig. 4.14  Top-view of the 1-to-64 way feed-network. 
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4.1.4  Experimental Results 
Fig. 4.16 shows the cutaway view of the 16×16 antenna array, which 
consists of four metal plates, namely the power-distribution waveguide feed-
network, the aperture plate, the cavity plate and the radiating slot plate, from 
bottom to top, respectively.  The array is fabricated with aluminum via milling.  
The prototype size is 240mm×240mm×14.4mm, as shown in Fig. 4.17.  Screws 
are used to assemble the different layers together.  However, there is still a need 
to prevent wave leakage through unpredictable gaps.  In particular, the electrical 
contact between the waveguide feed-network and the upper aperture layer is 
very important because the power is distributed here first before radiation.  If 
there is a gap between the adjacent layers, there is transmission loss in the 
waveguide due to these leakages, which would cause the antenna to suffer from 
gain reduction.  Therefore, chokes have been incorporated into the available 
area of the array (mostly at the periphery of the array) to reduce potential power 
leakage [45].  Basically, if a choke with a depth of one quarter wavelength is 
grooved at a distance of one quarter wavelength from the waveguide, the gap is 
regarded as a short circuit and leakage can be suppressed without the need for 
complete electrical contact.  Actually, it is not possible to use chokes at all 
places where perfect contact is needed.  This is because there is a lack of space 
to locate the chokes surrounding each waveguide structure, but indeed it can 




Fig. 4.16  Configuration of the 16×16 antenna array. 
 
Fig. 4.17  Prototype of the 16×16 antenna array. 
 
Simulated and experimental results of the antenna array are compared and 
plotted in the following figures.  It can be seen in Fig. 4.18 that the measured 
operational bandwidth (VSWR<2.0) is about 13.8% (14.15GHz~16.25GHz), 
which is a bit better than the simulated result of 12.6% (14.30GHz~16.22GHz). 
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The low sidelobe characteristic can be observed from the measured far-
field radiation patterns in Fig. 4.19.  The overall sidelobe levels in measured E- 
and H-plane are better than -25dB; and cross polarization discriminations (XPD) 
higher than 40dB are recorded at the design frequency.  The half-power 
bandwidths (HPBWs) of the E- and H-plane are 5.3º and 5.1º, respectively.  
Radiation characteristics of the band-edge frequencies are also summarized in 
Table 4.4.  Although the overall sidelobe levels cannot reach the original 
expectation of -30dB for the Taylor ?̅?=4 distribution, the result is considered to 
be reasonable as the amplitude-taper is not exactly the Taylor ?̅? distribution 
over the entire array aperture.  It is because only a 2×2-element subarray is 
uniformly excited by one waveguide branch (Fig. 4.16), instead of four branches 
with different excitation coefficients required by the standard Taylor ?̅? 
synthesis.  Therefore, when the aperture plate couples power from the 8×8 feed-
network to the upper 16×16 radiating slots through a cavity plate, the final 
tapered amplitudes in the antenna array boresight are not the desired Taylor 
distribution any more.  It can be considered as a quasi-Taylor ?̅? distribution.  
Hence, the overall sidelobe levels deviate from the initially expected -30dB.  
But, it is still possible to achieve a first sidelobe level of -26.5dB in the E-plane 
and -30.4dB in the H-plane (Fig. 4.19).  Patterns at the design frequency based 
on the ideal 16×16 Taylor distribution and the ideal 16×16 quasi-Taylor 
distribution are also plotted for reference.  The ideal 16×16 quasi-Taylor 
distribution is numerically developed from the 8×8 one, where each discrete 
8×8 Taylor coefficient is averaged to four equal values so as to form a 2×2 
segment of the 16×16 quasi-Taylor coefficients.  The target of -30dB first 
sidelobe level can be achieved in the ideal cases, but high sidelobe levels are 
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observed in the far-out region (±35°~50°) due to the array being constructed 
based on quasi-Taylor excitation.  The HPBWs of the E- and H-plane are around 
4.8°, which is narrower than the designed one due to the existence of phase 
degradation in the real feed-network. 
 





(a) E-plane (yoz) 
 
(b) H-plane (xoz) 





















14.2 5.5 -24.1 5.3 -29.4 39.3 
15.0 5.3 -26.5 5.1 -30.4 40.5 
16.2 5.2 -25.0 5.1 -27.5 39.5 
 
Gain and directivity of the array are shown in Fig. 4.20.  The gain was 
measured in the anechoic chamber by comparison with a standard gain horn.  
The efficiency curve is calculated based on the measured gain and the directivity 
obtained from numerical analysis.  One should note that, as the antenna aperture 
is not uniformly fed, it is not suggested using the aperture efficiency calculated 
by the traditional method 4πS/λ2 (where S is the aperture size). The measured 
gain is higher than 29.5dBi in the bandwidth of 14.5GHz~16.0GHz, although it 
is 0.5~1dB lower than the simulated one.  The antenna efficiency achieved is 
about 85% at 15.0GHz and more than 70% over the entire bandwidth.  The 
losses may come from the milling process errors and unpredictable energy 
losses via the gaps between adjacent layers during the final assembly.  The 
phenomenon is similar to gain degradation of the 8×8 array in Section 3.2.  As 
it is proven that the 3-D printing technique can help improve antenna gain and 
efficiency as detailed in Section 3.3, it is more illuminating to use 3-D printing 






Fig. 4.20  Gain, directivity and efficiency of the 16×16 antenna array. 
 
4.2 Monopulse Array 
The primary aim of the work in this section is to design a low-profile and 
wideband planar monopulse array operating in the Ku-Band.  This work is an 
extension of the work in Chapter 3 where a highly efficient wideband 8×8 array 
at Ku-band is built via 3-D printing.  The 16×16 antenna array presented in the 
Section 4.1 consists of four 8×8 sub-arrays.  To turn the 16×16 array into a 
monopulse antenna, two configurations of wideband monopulse comparator 
with low-profile characteristic are proposed.  Challenges in this work are to 







4.2.1  Introduction 
A radar that uses the monopulse technique can obtain the required 
distance and directional information of a target from a radar return without 
affected by its declination and fluctuation.  This technique can help it quickly 
locate the object with high positioning accuracy [16].  A monopulse antenna is 
the key to this technique.  The monopulse antenna can be considered as a 
simultaneous multi-beam antenna, which means the antenna can produce 
multiple different beams containing the position information of the target object.  
The 3-D coordinate information of the scattering object can be extracted by 
comparing the beams’ parameters of the monopulse.  There are three types of 
monopulse antenna; amplitude-comparison monopulse, phase-comparison 
monopulse and hybrid amplitude/phase comparison monopulse.  However, it is 
difficult to realize amplitude-comparison monopulse in a planar waveguide 
antenna array as it requires multi-beam produced in the common aperture.  The 
phase-comparison monopulse can solve this problem by splitting the array in 
different blocks (subarrays) and each of them is excited individually.  Therefore, 
their phase centers can be separated easily. 
The phase-comparison monopulse antenna can identify the positioning 
information of a scattering object by comparing the phases of returning 
monopulse received by a group of subarrays.  All subarrays are of the same 
dimension and their beams pointed in the same direction.  To obtain the target’s 
direction in both Elevation and Azimuth planes, four sub-arrays are required.  
Fig. 4.21 shows the principles of a phase-comparison monopulse array that has 
four identical sub-arrays.  The phase centers of the four sub-array antennas are 
placed with the same spacing d from each other.  The final array patterns are 
formed by the superposition of the four distinct beams.  When the target is 
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located at the array’s central axis direction, its distances to the four subarray 
antennas are equal and there is no phase difference among the returning signals.  
When the object is deviating from the central direction, the phases would be 
different due to the unequal distances.  Hence, the azimuth and elevation data 
of the object can be extracted by analyzing the phase-difference information. 
 
Fig. 4.21  Phase-comparison monopulse working mechanism. 
 
The four channels of the subarray antennas are marked with 1, 2, 3 and 4 
in Fig. 4.22 and their sum and difference flows are shown in Fig. 4.23.  The sum 
pattern is obtained at Fig. 4.23 ∑.  The elevation data come from the different 
signals between the sum of channel 1&4 and the sum of channel 2&3, as shown 
in Fig. 4.23 ∑ (∆EL).  Similarly, the azimuth data are obtained by comparing the 
signals between the sum of channel 1&2 and the sum of channel 3&4, as shown 
in Fig. 4.23 ∆ (∆AZ).  The signals comparison is realized by the sum-difference 
comparator network (also known as a Monopulse Comparator).  The signal-
flows graph in Fig. 4.23 indicates that the network requires at least four 











Another characteristic of a practical monopulse antenna is high directivity; 
mainly to achieve high fidelity angular discrimination.  This requirement meant 
that most monopulse antennas have large apertures.  It is possible to employ a 
compact monopulse feed for a parabolic reflector to achieve this purpose.  
However, for applications that require a low profile antenna, the only choices 
are microstrip patch or slotted waveguide arrays.  Slotted waveguide arrays are 
the mainstay because of its low loss and high power handling.  As mentioned in 
the previous chapters, corporate-fed waveguide arrays are notoriously difficult 
to fabricate; requiring specialized facilities like dip-brazing.  Therefore, most 
slotted waveguide arrays are series-fed, to reduce fabrication complexity.  The 
downside is that bandwidth suffers, mainly because of bandwidth limitations of 
series-fed arrays and that low profile waveguide based wideband monopulse 
comparators are difficult to design [161-164]. 
Therefore, the objective of this section is to design a wideband low profile 
waveguide-based monopulse array.  Typically, a monopulse waveguide array 
comprises of an antenna array, a feed-network and a sum-difference comparator 
network.  The antenna array is a waveguide slotted standing-wave array.  The 
feed-network is constructed with multiple H-plane waveguides, T- and H-
junctions, that carry RF power to or from the slotted array through coupling 
slots opened on the waveguide broadside.  The sum-difference network adopts 
planar/folded waveguide Magic-Tees in order to achieve low-profile.  Design 





Fig. 4.22  Channels’ arrangement. 
 
Fig. 4.23  Sum and difference flows of the channel signals. 
 
4.2.2  Radiating Elements 
To recap, the 2×2-element sub-array in Chapter 3 is adopted as the basic 
radiator.  Chapter 3 also presented the design of the 8×8 array which will now 
form the four quadrants for constructing the 16×16 antenna array.  These four 
quadrants are schematically represented in Fig. 4.21(a), producing four 
independent boresight beams that are instrumental for a monopulse array.  
These four 8×8 sub-arrays are marked with 1, 2, 3 and 4, respectively, in Fig. 
4.24.  With a proper feed-network, synthesis radiation patterns can therefore be 
formed in far-field.  The monopulse comparator, which is also known as the 




Fig. 4.24  Radiation aperture. 
 
4.2.3  Array Feed-Network 
The waveguide feed-network for the pre-designed antenna array is shown 
in Fig. 4.25.  The whole network basically consists of four corporate-feed sub-
networks, corresponding to the four sub-arrays mentioned in the last section.  
The four input ports, pointed to by the arrows in Fig. 4.25, are connected to the 
monopulse sum-difference network.  The performance of the monopulse array 
without the sum-difference network has been investigated, which can be 
considered as an ideal case in this design, without any insertion loss and phase 
error from the attached sum-difference network.  Numerical results are shown 
in Fig. 4.26~Fig. 4.29.  For easy explanation, let the input power amplitude and 
phase of port ①②③④ be (A1, A2, A3, A4) and (Φ1, Φ2, Φ3, Φ4), respectively.  
VSWRs of the four input ports are less than 1.5 in the bandwidth of 
14.5GHz~16.0GHz.  The E- and H-plane sum patterns (at 15.3GHz) can be 
obtained if all ports are excited by equal-phase and equal-amplitude excitation 
(A1=A2=A3=A4, Φ1=Φ2=Φ3=Φ4), as shown in Fig. 4.27.  The sidelobe levels 
and 3-dB beamwidths of E-plane and H-plane are around -13dB and 3.8 degrees, 
respectively.  The gain of the array is expected to be around 32.2dBi. 
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While the four input ports are fed by these conditions: (A1=A2=A3=A4, 
Φ1=Φ2, Φ3=Φ4, Φ3-Φ1=π), the monopulse array generates the difference pattern 
in H-plane (azimuth direction), as shown in Fig. 4.28.  The null-depth of H-
plane is as low as -56dB and the peak-to-peak amplitude difference is less than 
0.1dB. 
Similarly, if the input ports are excited under these conditions: 
(A1=A2=A3=A4, Φ1=Φ4, Φ2=Φ3, Φ2-Φ1=π), the difference pattern of E-plane in 
elevation direction can be obtained, as shown in Fig. 4.29.  The null-depth of E-








Fig. 4.26  VSWR of four input ports.   
 
Fig. 4.27  Sum pattern without sum-difference network. 




















































Fig. 4.28  Azimuth pattern (H-plane, xoz) w/o comparator network. 
 
Fig. 4.29  Elevation pattern (E-plane, yoz) w/o comparator network. 
 
 


































































4.2.4  Monopulse Comparator and Network 
In Fig. 4.24, the ①②③④ feed-ports of the four sub-arrays should be 
mated to a monopulse comparator network in order to produce desired patterns.  
The monopulse comparators are utilized to achieve Sum (∑), Delta-AZ (∆EL) 
and Delta-EL (∆AZ) gain patterns on the boresight of the antenna array.  The 
monopulse comparator network is located on the opposite side of the radiating 
aperture and it is not expected to increase the profile of the overall array by 
much. 
The key component of a waveguide based monopulse comparator is 
Magic-Tee.  However, traditional three dimensional Magic-Tees are not 
suitable for low profile design because of the vertical E-arm of the Magic-Tee.  
Some publications reported various techniques to achieve comparators for the 
monopulse network [163, 165-167].  Nevertheless, it is quite challenging to 
design such comparator in waveguide structure [16, 168, 169]. 
In this part of work, two types of Magic-Tee comparator are designed with 
folding the E-arm to be parallel with the H-arm in order to achieve low-profile.  
This presents an unwanted complexity to obtain a wideband Magic-Tee because 
more discontinuities would be introduced into the folded structures. 
 
4.2.4.1  Planar Magic-Tee Comparator 
The first type of Magic-Tee comparator is proposed in Fig. 4.30 with 
dimensions detailed in Table 4.5.  Port 1, 2 and 3 form the H-plane T-junction 
of the Magic-Tee, where equal-power division and equal-phase can be obtained 
at Port 2 and Port 3.  A window and a post are introduced into the T-junction 
for the purpose of improving impedance matching.  Port 4, 2 and 3 form the E-
plane T-junction of the Magic-Tee.  The equal-power division can also be 
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obtained at Port 2 and Port 3 but they are out-of phase.  All the ports’ dimensions 
are the same as the waveguide dimensions of the feed-network (a, b).  The E-
arm is placed to be parallel with the H-arm in order to achieve low-profile.  The 
power transmits from Port 4 to Port 2 and Port 3 through a coupling slot opened 
at the central line of the H-plane T-junction.  Port 1 and Port 4 are isolated, so 
are Port 2 and Port 3. 
 
Fig. 4.30  Planar Magic-Tee. 
Table 4.5  Dimensions of the planar Magic-Tee (unit: mm). 
a b d1 d2 d3 
12.0 4.4 1.6 4.0 8.0 
r1 s1 s2 w1 w2 
0.8 3.5 12.0 9.0 0.6 
 
Simulation results of the proposed Magic-Tee are shown in Fig. 4.31~Fig. 
4.33.  A good impedance match is obtained at all ports, with VSWRs less than 
1.4 from 15.0GHz to 16.0GHz (Fig. 4.31).  Fig. 4.32 shows the performance of 
equal-power-division (-3dB) in the E-plane (S42, S43) and H-plane (S21, S31) 
T-junctions.  The power imbalance is around 0.5dB.  Isolations for Port 1&4 
and Port 2&3 are better than 30dB and 25dB in the bandwidth of 
































shown in Fig. 4.33.  The phase deviations in the H-plane T-junction (where 
equal-phase is required) and in the E-plane (where out-of-phase is required) are 
less than 5 degrees. 
During the design process, it is found that the operational bandwidth of 
the planar Magic-Tee is mainly limited by the bandwidth of the E-arm. 
 
Fig. 4.31  VSWRs of the planar Magic-Tee. 



















Fig. 4.32  Power division and isolation of the planar Magic-Tee. 
 
Fig. 4.33  Phase performance of the planar Magic-Tee. 
 
To transmit power from the monopulse comparator to the feed 
waveguides of the radiating aperture, there is a need to couple energy between 





























































































two layers of waveguide structure that have a common broad-wall.  The 
conventional way is to couple the energy by cutting a slot in the common 
broadwall but this results in a narrow bandwidth [161].  As such, a novel low 
profile waveguide converter is designed to operate in a wide bandwidth.  The 
proposed structure is shown in Fig. 4.34 with parameters listed in Table 4.6.  
Two waveguide branches are placed in different layers and the power 
transmission is realized by a coupling slot that is offset.  The slot is shifted from 
the center of the waveguide broadwall to the edge in order to achieve a better 
wideband performance.  In this case, part of the coupling slot can be outside the 
region of the broad-wall, introducing another compensation possibility to 
mitigate the strong reflection from the discontinuity of the slot.  It can be seen 
from the simulation result in Fig. 4.35 that the VSWR of the converter is better 
than 1.25 from 13.2GHz to 17.0GHz. 
 
Fig. 4.34  Folded waveguide converter between two layers. 
Table 4.6  Dimensions of the converter (unit: mm). 
a b c1 c2 d4 r2 




















Fig. 4.35  VSWR of the folded waveguide converter. 
 
The complete monopulse comparator network is shown in Fig. 4.36.  It 
consists of four folded waveguide converters, three planar Magic-Tees (I, II, III) 
and one H-plane T-junction divider (IV).  Ports 1, 2, 3 and 4 are connected to 
the feed-ports of the four sub-arrays as described previously.  Therefore, in this 
way, the sum, azimuth and elevation patterns can be obtained from Port ∑, ∆AZ 
and ∆EL, respectively.  Simulation results of the comparator network are shown 
in Fig. 4.37~Fig. 4.39.  VSWRs of the three ports are better than 1.5 from 
15.2GHz to 16.0GHz.  Isolation between ∑ and ∆AZ, ∑ and ∆EL, ∆AZ and ∆EL 
are better than 20dB, 26dB and 49dB, respectively.  Phase performances of the 
corresponding ports are given in Fig. 4.39.  The phase errors in the equal-phase 
comparison and the out-of-phase comparison are less than 6 degrees.  However, 
the operational bandwidth of the monopulse comparator network is not as wide 
as the antenna array (Fig. 4.26). 















Fig. 4.36  Comparator network with planar Magic-Tee. 
 
Fig. 4.37  VSWRs of the comparator network. 



















Fig. 4.38  Isolation of the comparator network. 
 
Fig. 4.39  Phase performance of the comparator network. 
 






















































































Fig. 4.40 shows the exploded-view of the complete monopulse antenna 
array with the integrated comparator feed-network.  The operational bandwidths 
for Ports ∑, ∆AZ and ∆EL are from 14.8GHz to 15.8GHz with VSWR≤2.0 
(relative bandwidth of 6.5%), as shown in Fig. 4.41.  Isolation for Port ∆AZ &∑, 
Port ∆EL&∑ and Port ∆AZ&∆EL are better than 22dB, 26dB and 48dB, 
respectively (Fig. 4.42).  The Sum and Differnce radiation patterns in both 
azimuth and elevation planes can be obtained by exciting the Ports ∑, ∆AZ and 
∆EL independently.  Fig. 4.43~Fig. 4.45 plot the patterns at the center frequency.  
The sum pattern shows that sidelobe levels in E- and H-plane are around -13dB 
with less than -55dB cross-polarization (Fig. 4.43).  The HPBWs of the sum 
beam are 4.2 degrees and 4.1 degrees in the E- and H-plane, respectively.  For 
H-plane difference pattern (∆AZ), the null-depth is -27.5dB located at 0 degree 
in array boresight (Fig. 4.44).  The amplitude unbalance between the two 
difference peaks is 0.3dB.  For E-plane difference pattern (∆EL), the null-depth 
is -24.3dB and the amplitude unbalance is 0.1dB (Fig. 4.45).  Detailed data of 
the two band-edge frequencies, as well as antenna gain values, are listed in 
Table 4.7~Table 4.9. 
For the overall performance of this monopulse antenna array, although it 
can achieve a low profile by utilizing the planar Magic-Tee as the comparator 
and maintain high-gain, the operational bandwidth is not wide enough.  This is 
mainly limited by the E-arm working bandwidth of the Magic-Tee.  In addition, 
the null-depths of the difference patterns cannot reach to a satisfactory level due 
to the phase errors existing in the comparator feed-network.  Therefore, another 














Fig. 4.41  VSWRs of the monopulse antenna array. 
 
Fig. 4.42  Isolation of the monopulse antenna array. 





























































Fig. 4.43  Sum pattern (at 15.3GHz). 
 
Fig. 4.44  Difference pattern of azimuth direction (H-plane, at 15.3GHz). 



































































Fig. 4.45  Difference pattern of elevation direction (E-plane, at 15.3GHz). 

















14.8 4.3 -12.7 4.2 -13.1 30.8 
15.3 4.2 -12.8 4.1 -13.1 32.6 
15.8 4.0 -12.9 4.0 -13.5 32.8 
 









14.8 -26.9 0.1 27.6 
15.3 -27.5 0.3 29.8 















































14.8 -20.2 0.3 28.6 
15.3 -24.3 0.1 29.9 
15.9 -23.0 0.1 30.0 
 
4.2.4.2  Folded Magic-Tee Comparator 
The configuration of the second type of comparator is shown in Fig. 4.46.  
Basically, it is developed from a traditional waveguide Magic-Tee structure, but 
a matching stub is introduced at the center of the Magic-Tee to reduce the 
reflection and improve the phase balance.  In particular, it helps the E-arm of 
the Magic-Tee operate in a wide bandwidth without sacrificing the out-of-phase 
characteristic.  Additionally, the E-arm has a right-angle bend, folded to parallel 
with the H-plane T-junction (xoy plane), in order to reduce the structure profile.  
The working mechanism is similar to that of the planar Magic-Tee in Section 
4.2.4.1.  In this case, the ports’ dimensions are set to be the same as the WR-62 
Standard Waveguide Adapter.  Detailed dimensions are listed in Table 4.10. 
 






























Table 4.10  Dimensions of the folded Magic-Tee (unit: mm). 
a b d1 h1 h2 
15.8 7.9 6.1 1.3 3.4 
h3 h4 r1 r2 r3 
5.1 12.0 0.5 6.1 10.0 
 
In this design, excellent performance can be observed from the simulation 
results plotted in Fig. 4.47~Fig. 4.49.  The folded Magic-Tee comparator has a 
better bandwidth from 14.0GHz to 16.5GHz with VSWRs less than 1.3 (Fig. 
4.47).  The deviation of the equal-power-division in the E- and H-plane T-
junction is less than 0.15dB.  Isolations for Port 1&4 and Port 2&3 are better 
than 36dB and 30dB, respectively (Fig. 4.48).  The phase errors in equal-phase 
of the H-plane T-junction and in out-of-phase of the E-plane are less than 1 
degree (Fig. 4.49).  This type of comparator is better suited to the wideband 
antenna array. 
 
Fig. 4.47  VSWRs of the folded Magic-Tee. 



















Fig. 4.48  Power division and isolation of the folded Magic-Tee. 
 
Fig. 4.49  Phase performance of the folded Magic-Tee. 
 
The complete monopulse comparator network is shown in Fig. 4.50.  It 
consists of three folded Magic-Tees (I, II, III) and one H-plane T-junction 
divider (IV), which has less complexity compared with the previous comparator 



























































































network in Fig. 4.36.  Ports 1, 2, 3 and 4 will be connected to the feed-ports of 
the four sub-arrays.  As mentioned above, the ports’ dimensions of the folded 
Magic-Tee are different from the sub-arrays’ waveguide branch, so there is a 
need to design a stepped waveguide transformer between the Magic-Tee and the 
subarray feed-network (Fig. 4.50). 
Simulation results of the comparator network are shown in Fig. 4.51~Fig. 
4.54.  VSWRs of the Port ∑, ∆AZ and ∆EL are better than 1.4 from 14.0GHz to 
16.5GHz (Fig. 4.51).  Isolation is better than 35dB among the ports (Fig. 4.52).  
The phase deviation of the corresponding ports in the equal-phase comparison 
and the out-of-phase comparison is less than 1.0 and 1.5 degrees, respectively 
(Fig. 4.53).  In addition, the power divisions from Port ∑, ∆AZ and ∆EL to the 
four output ports maintain at about 6.0dB quite uniformly (Fig. 4.54). 
 




Fig. 4.51  VSWRs of the comparator network. 
 
Fig. 4.52  Isolation of the comparator network. 
























































Fig. 4.53  Phase performance of the comparator network. 
 
Fig. 4.54  Power divisions of the comparator network. 
 























































































The configuration of the complete monopulse antenna array is shown in 
Fig. 4.55 and numerical results are given in Fig. 4.56~Fig. 4.60.  With the help 
of the folded Magic-Tee, the operational bandwidths for Ports ∑, ∆AZ and ∆EL 
are from 14.5GHz to 16.1GHz with VSWR≤2.0 (relative bandwidth 10.5%), as 
shown in Fig. 4.56.  Good isolation with better than 38dB between the input 
ports can be obtained (Fig. 4.57).  The sum pattern at the center frequency is 
plotted in Fig. 4.58, which shows the sidelobe levels in E- and H-plane are 
around -13dB with less than -58dB cross-polarization; and the HPBWs of the 
boresight beams are around 4 degrees.  The null-depth levels for the H-plane 
(∆AZ) and the E-plane (∆EL) difference pattern are as low as -38.3dB and -
40.7dB, respectively (Fig. 4.59, Fig. 4.60).  Both the amplitude unbalances 
between the two difference peaks are less than 0.1dB.  Detailed data of the two 
band-edge frequencies, as well as antenna gain values, are also listed in Table 
4.11~Table 4.13.  It can be observed from these results that an excellent 
performance can be maintained over a relatively wide bandwidth.  Also, when 
compared with the monopulse array designed in the last section, a significant 
improvement has been made in this design with the folded Magic-Tee 
comparator.  Therefore, a prototype based on this design is fabricated and 





Fig. 4.55  Configuration of the monopulse antenna array. 
 




























Fig. 4.57  Isolation of the monopulse antenna array. 
 
Fig. 4.58  Sum pattern (at 15.3GHz). 










































































Fig. 4.59  Difference pattern of azimuth direction (H-plane, at 15.3GHz). 
 
Fig. 4.60  Difference pattern of elevation direction (E-plane, at 15.3GHz). 
 



















































































14.5 4.3 -13.5 4.2 -13.2 31.8 
15.3 4.2 -13.2 4.1 -13.2 32.7 
16.1 4.1 -13.7 3.9 -13.3 32.8 
 









14.5 -40.7 0.01 29.2 
15.3 -38.3 0.1 30.0 
16.1 -35.0 0.1 29.8 
 
 









14.5 -42.3 0.1 29.0 
15.3 -40.7 0.1 30.2 
16.1 -42.8 0.01 29.7 
 
4.2.4.3  Fabrication and Results 
As the monopulse array with the folded Magic-Tee comparators is too 
complicated to be fabricated with machining method, the only option is to use 
the 3-D printing technique presented in Section 3.3.  The same DMLS technique 
is adopted in the monopulse array fabrication.  A prototype of the monopulse 
array is shown in Fig. 4.61.  Fig. 4.62 shows the test environment in the anechoic 
chamber.  Experimental results are plotted as follows.  VSWRs of the three ports 
are tested individually while the rest of them are connected with matching loads.  
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It can be seen in Fig. 4.63 that the monopulse array can operate in a wide 
bandwidth (VSWR≤2.0) from 14.1GHz to 16.1GHz when Port Σ, Port ∆EL and 
Port ∆AZ are functioned, respectively.  The isolations between each two ports 
are better than 30dB, as shown in Fig. 4.64. 
 




Fig. 4.62  Test environment. 
 




Fig. 4.64  Measured isolation of the monopulse array. 
 
The sum patterns of the monopulse array in E- and H-plane are presented 
in Fig. 4.65 and Fig. 4.66, respectively.  It can be seen that a good consistency 
can be maintained among the patterns at the center and band-edge frequencies, 
where the first sidelobe levels are around -14dB and cross-polarizations are 
better than -30dB.  Fig. 4.67 shows the antenna gain and efficiency of sum 
patterns.  More than 90% efficiency can be achieved at most of the frequencies.  
Two difference patterns at the center and band-edge frequencies are also shown 
in Fig. 4.68 and Fig. 4.69, respectively.  For both of the difference patterns in 
the azimuth and the elevation direction, the amplitude unbalances between the 
two difference peaks can maintain at less than 0.2dB and null-depths are lower 
than -30dB.  The results are better than most of the publication works [161-164], 




Fig. 4.65  Measured Sum-patterns in the E-plane. 
 




Fig. 4.67  Gain, directivity and efficiency of the monopulse array. 
 




Fig. 4.69  Difference patterns of Elevation direction (E-plane). 
 
4.3 Summary 
This chapter presented two parts of the work.  One is the design and 
analysis of the 16×16 low sidelobe slot antenna array with a corporate-feed 
waveguide network.  It is always hard to design an amplitude-taper feed-
network while maintaining output phase-balance, operational bandwidth and 
physically low profile in the waveguide structures.  In this phase of work, a 
novel method to obtain equal-phase but unequal power-split dividers has been 
proposed for developing such a waveguide feed-network.  A 30dB Taylor ?̅?=4 
synthesis was applied to the 2×2 uniformly-fed subarrays to provide a good 
power-tapering among the array aperture, which in turn contributes to the final 
low sidelobe performance.  This is different from the monotonically decreasing 
sidelobe levels of a conventional Taylor’s distribution applied to individual 
radiating elements.  Experimental results showed the array can achieve more 
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than 25dB sidelobe suppression and more than 70% efficiency in a wide 
bandwidth of 13.8%. 
The other work presented in this chapter is the design of monopulse 
comparators to mate with a 16×16 array aperture to form the monopulse array.  
It is not easy to achieve a wideband monopulse array while considering the 
radiation performance and power handling capability.  This work presented two 
types of wideband waveguide Magic-Tee comparators.  Compared with the 
array with the proposed planar Magic-Tee comparator and bearing the low-
profile in mind, the folded Magic-Tee comparator owns considerable merit to 
help the monopulse array achieve wider bandwidth with better radiation patterns.  
The performance of the monopulse array has been verified with the 











In this thesis, the study mainly focuses on the design and implementation 
of wideband waveguide-fed planar antenna array in the Ku-Band.  Chapter 2 
investigates the utilization of a 2×2-element subarray fed by an H-plane 
waveguide to design an 8×8 wideband antenna array with high power handling 
capability.  This subarray can accommodate more radiating elements in a 
waveguide with commensurate size.  A design guide is summarized for the 
purpose of engineering application.  The suppression of reflection, mutual 
coupling and grating lobe is also taken into consideration when the subarray is 
implemented to a large aperture.  In order to obtain a wider bandwidth, a low-
profile H-plane waveguide corporate-fed network is designed to excite the 8×8 
antenna array.  The array is fabricated in aluminum with milling technique, the 
results of which set a baseline for the comparison with the performance obtained 
from the 3-D printing technique. 
Subsequently, a new fabrication technique for waveguide-fed antenna 
array is introduced.  An overview of current 3-D printing research on microwave 
area is given.  Among lots of printable materials, metal printing is much suitable 
for waveguide-fed antenna fabrication.  Also, the selection of available metal 
printing techniques is discussed.  It is shown that DMLS technique is a good 
option with less mechanical concerns.  This metal printing technique is 
inherently suitable for the waveguide-fed antenna arrays because it eliminates 
most of the fabrication problems existing in the traditional machining 
techniques, such as assembly gaps and layers’ alignment.  The DMLS technique 
is applied to fabricate the 8×8 antenna array.  A novel diagnostic method is 
introduced to check the printing details of the internal structures via the X-ray 
technique.  Experimental results show that the 3-D printing technique can help 
antenna achieve higher gain and efficiency, compared with the machining one’s; 
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and reduce weight through removing some structures that are not necessary for 
EM performance. 
Chapter 4 focuses on two parts of work.  One is to propose a 16×16 
wideband antenna array with low-sidelobe and low-profile performance.  It is 
always hard to design an amplitude-taper feed-network while maintaining 
output phase-balance, operational bandwidth and physically low profile in 
waveguide structures.  In this phase of work, a novel wideband waveguide T-
junction divider with equal output-phase but unequal power-division is 
proposed for the construction of an amplitude-tapering feed-network.  This 
novel design is different from the asymmetric field distribution of the typical T-
junctions used in power division in waveguides.  A quasi-Taylor distribution 
synthesis is applied to achieve amplitude taper at the array aperture.  Measured 
results indicate that the array can achieve a 13.8% bandwidth and a gain of more 
than 29.5dBi.  The overall sidelobe levels are better than -25dB and the cross-
polarization is better than -40dB. 
The other one is to propose a novel wideband monopulse waveguide array 
to solve the bandwidth limitation problems from traditional designs.  Two novel 
Magic-Tees are proposed to achieve wideband and low-profile characteristics.  
A wideband monopulse comparator network associated with one of the 
proposed Magic-Tees is designed to cooperate with a 16×16 slot array 
consisting of four units of 8×8 sub-arrays.  The complicated monopulse array is 
fabricated with the DMLS technique and results show that it can achieve 
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consisting of an array of waveguide fed horns," 1996 26th European 
Microwave Conference 1996, pp. 610-613. 
[23] Yohei Miura, Jiro Hirokawa, Makoto Ando, Yuzo Shibuya, and Goro 
Yoshida, "Double-layer full-corporate-feed hollow-waveguide slot array 
antenna in the 60-GHz band," IEEE Transactions on Antennas and 
Propagation vol. 59, no. 8, pp. 2844-2851, 2011. 
[24] Ely Levine, Gabi Malamud, Shmuel Shtrikman, and David Treves, "A 
study of microstrip array antennas with the feed network," IEEE 
141 
 
Transactions on Antennas and Propagation, vol. 37, no. 4, pp. 426-434, 
1989. 
[25] Julio Navarro, "Wide‐band, low‐profile millimeter‐wave antenna array," 
Microwave and Optical Technology Letters, vol. 34, no. 4, pp. 253-255, 
2002. 
[26] Thomas Metzler, "Microstrip series arrays," IEEE transactions on 
Antennas and Propagation, vol. 29, pp. 174-178, 1981. 
[27] H. Evans, P. Gale, and A. Sambell, "Performance of 4x4 sequentially 
rotated patch antenna array using series feed," Electronics Letters, vol. 39, 
no. 6, pp. 493-494, 2003. 
[28] A. Sabban, "Ka band microstrip antenna arrays with high efficiency," 
IEEE Antennas and Propagation Society International Symposium, 1999, 
pp. 2740-2743 vol.4. 
[29] G Amendola, E Arnieri, L Boccia, A Borgia, P Focardi, and I Russo, 
"Hybrid waveguide–stripline feeding network for dual polarised arrays at 
K band," IET microwaves, antennas & propagation, vol. 5, no. 13, pp. 
1568-1575, 2011. 
[30] E. Arnieri, I. Russo, L. Boccia, G. Amendola, and G. Di Massa, "Building 
blocks for hybrid waveguide/suspended-stripline parallel/series fed 
millimeter wave arrays," IEEE Antennas and Propagation Society 
International Symposium, 2008, pp. 1-4. 
[31] E. Arnieri, I. Russo, L. Boccia, A. Borgia, and G. Amendola, "Hybrid 
waveguide-stripline feeding networks for Ka-band and millimetre-wave 




[32] John Huang, "A parallel‐series‐fed microstrip array with high efficiency 
and low cross‐polarization," Microwave and Optical Technology Letters, 
vol. 5, no. 5, pp. 230-233, 1992. 
[33] Y. Kimura, Y. Miura, T. Shirosaki, T. Taniguchi, Y. Kazama, J. Hirokawa, 
M. Ando, and T. Shirouzu, "A Low-Cost and Very Compact Wireless 
Terminal Integrated on the Back of a Waveguide Planar Array for 26 GHz 
Band Fixed Wireless Access (FWA) Systems," IEEE Transactions on 
Antennas and Propagation, vol. 53, no. 8, pp. 2456-2463, 2005. 
[34] Tomas Sehm, Arto Lehto, and Antti V Raisanen, "A high-gain 58-GHz 
box-horn array antenna with suppressed grating lobes," IEEE 





[36] W.D. Williams, "Aluminum waveguide antenna, adhesives, curing, 
microwaves," US Patent 3950204 A, 1976. 
[37] R.I. Wolfson, W.G. Sterns, J.D. Foglesonger, and V.M. Petrillo, 
"Serpentine feeds and method of making same," US Patent 4742355 A, 
1988. 
[38] Coleman Microwave Company, "http://www.aluminumdipbrazing.com." 
[39] T.A. Dumas, "Dip brazed corrugated feed horn," US Patent 4408208 A, 
1983. 




[41] Jiro Hirokawa, Makoto Ando, Naohisa Goto, Nobuharu Takahashi, 
Takashi Ojima, and Masahiro Uematsu, "A low-profile single-layer leaky 
wave slotted waveguide array for mobile DBS reception," 1993 AP-S 
DigestAntennas and Propagation Society International Symposium, 1993, 
pp. 132-135. 
[42] Kunio Sakakibara, Jiro Hirokawa, Makoto Ando, and Naohisa Goto, "A 
slotted waveguide planar array antenna for entrance radio system in 
mobile communication," 1995 Fourth IEEE International Conference on 
Universal Personal Communications, 1995, pp. 373-376. 
[43] K. Sakakibara, J. Hirokawa, M. Ando, and N. Goto, "High-gain and high-
efficiency single-layer slotted waveguide array for use in 22 GHz band," 
Electronics Letters, vol. 32, no. 4, pp. 283-284, 1996. 
[44] M. Ando and J. Hirokawa, "High-gain and high-efficiency single-layer 
slotted waveguide arrays in 60 GHz band," Tenth International 
Conference on Antennas and Propagation, 1997, pp. 464-468 vol.1. 
[45] Yuichi Kimura, Takashi Hirano, Jiro Hirokawa, and Makoto Ando, 
"Alternating-phase fed single-layer slotted waveguide arrays with chokes 
dispensing with narrow wall contacts," IEE Proceedings Microwaves, 
Antennas and Propagation, 2001, pp. 295-301. 
[46] J Joubert and DA McNamara, "Dyadic Green's function of electric type 
for inhomogeneously loaded rectangular waveguides," IEE Proceedings 
H (Microwaves, Antennas and Propagation), 1989, pp. 469-474. 
[47] J Joubert and DA McNamara, "Longitudinal slots in broad wall of 
rectangular waveguide inhomogeneously loaded with dielectric slab," 
Electronics Letters, vol. 27, no. 16, pp. 1480-1482, 1991. 
144 
 
[48] DA McNamara, JP Jacobs, and J Joubert, "Form of field in small-offset 
longitudinal slot in broad wall of rectangular waveguide," Electronics 
Letters, vol. 28, no. 1, pp. 16-17, 1992. 
[49] Johan Joubert and Derek A McNamara, "Analysis of radiating slots in a 
rectangular waveguide inhomogeneously loaded with a dielectric slab," 
IEEE Transactions on Antennas and Propagation, vol. 41, no. 9, pp. 
1212-1221, 1993. 
[50] D. A. McNamara and J. Joubert, "Experimentally determined equivalent 
network scattering parameters for edge slots in rectangular waveguide for 
use as reference data," IEEE Microwave and Guided Wave Letters, vol. 3, 
no. 11, pp. 405-407, 1993. 
[51] Johan Joubert, "A moment method analysis of a folded E-plane short in 
rectangular waveguide," IEEE Microwave and Guided Wave Letters, vol. 
4, no. 7, pp. 223-225, 1994. 
[52] Johan Joubert, "A transverse slot in the broad wall of inhomogeneously 
loaded rectangular waveguide for array applications," IEEE Microwave 
and Guided Wave Letters, vol. 5, no. 2, pp. 37-39, 1995. 
[53] JAG Malherbe and J Joubert, "Radiation properties of a long slot in the 
broad wall of a waveguide," Electronics Letters, vol. 34, no. 6, pp. 568-
570, 1998. 
[54] J Joubert and JAG Malherbe, "Moment method calculation of the 
propagation constant for leaky-wave modes in slotted rectangular 
waveguide," IEE Proceedings-Microwaves, Antennas and Propagation, 
1999, pp. 411-415. 
[55] JC Coetzee and J Joubert, "Analysis procedure for arrays of waveguide 
slot doublets based on the full T-network equivalent circuit representation 
145 
 
of radiators," IEE Proceedings-Microwaves, Antennas and Propagation, 
vol. 147, no. 3, pp. 173-178, 2000. 
[56] Jacob C Coetzee, Johan Joubert, and Derek A McNamara, "Off-center-
frequency analysis of a complete planar slotted-waveguide array 
consisting of subarrays," IEEE Transactions on Antennas and 
Propagation, vol. 48, no. 11, pp. 1746-1755, 2000. 
[57] Johan Joubert and Johann W Odendaal, "Analysis and design of wideband 
reflector gratings in rectangular waveguide," IEEE Transactions on 
Plasma Science, vol. 34, no. 3, pp. 659-665, 2006. 
[58] Y Tsunoda and N Goto, "Nonuniformly spaced slot array antenna with 
low sidelobe pattern," IEE Proceedings H (Microwaves, Antennas and 
Propagation), 1986, pp. 155-158. 
[59] Jiro Hirokawa, Hiroyuki Arai, and Naohisa Goto, "Cavity-backed wide 
slot antenna," IEE Proceedings H (Microwaves, Antennas and 
Propagation), 1989, pp. 29-33. 
[60] Jiro Hirokawa, Kimio Sakurai, Makoto Ando, and Naohisa Goto, 
"Matching slot pair for a circularly-polarised slotted waveguide array," 
IEE Proceedings H (Microwaves, Antennas and Propagation), 1990, pp. 
367-371. 
[61] Jiro Hirokawa, Kimio Sakurai, Makoto Ando, and Naohisa Goto, "An 
analysis of a waveguide T junction with an inductive post," IEEE 
Transactions on Microwave Theory and Techniques, vol. 39, no. 3, pp. 
563-566, 1991. 
[62] Jiro Hirokawa, "Waveguide π-junction with an inductive post," IEICE 
Transactions on Electronics, vol. 75, no. 3, pp. 348-351, 1992. 
146 
 
[63] Jiro Hirokawa, Makoto Ando, Naohisa Goto, and Masahiro Uematsu, "A 
single-layer leaky-wave slotted waveguide array for mobile DBS 
reception," 1993 Eighth International Conference on Antennas and 
Propagation, 1993, pp. 827-830. 
[64] Jiro Hirokawa, Makoto Ando, Naohisa Goto, and Masahiro Uematsu, 
"Low-Profile Mobile DBS Receiving System using a Single-Layer 
Slotted Leaky Waveguide Array," 1994 24th European Microwave 
Conference, 1994, pp. 1553-1558. 
[65] Jiro Hirokawa, Makoto Ando, Naohisa Goto, Nobuharu Takahashi, 
Takashi Ojima, and Masahiro Uematsu, "A single-layer slotted leaky 
waveguide array antenna for mobile reception of direct broadcast from 
satellite," IEEE Transactions on Vehicular Technology, vol. 44, no. 4, pp. 
749-755, 1995. 
[66] Seiji Hosono, Jiro Hirokawa, and ARAI Hiroyuki, "A rotating mode radial 
line slot antenna fed by a cavity resonator," IEICE transactions on 
communications, vol. 78, no. 3, pp. 407-413, 1995. 
[67] Kunio Sakakibara, Jiro Hirokawa, Makoto Ando, and Naohisa Goto, 
"Simple evaluation of mutual slot couplings in a slotted waveguide planar 
array antenna," 1995 AP-S DigestAntennas and Propagation Society 
International Symposium, 1995, pp. 1838-1841. 
[68] Jiro Hirokawa, Kunio Sakakibara, Yuichi Kimura, Makoto Ando, and 
Naohisa Goto, "A two-beam slotted leaky waveguide array for mobile 
reception of dual polarization DBS," 1996 AP-S DigestAntennas and 
Propagation Society International Symposium, 1996, pp. 74-77. 
[69] Kunio Sakakibara, Jiro Hirokawa, Makoto Ando, and Naohisa Goto, "A 
high-gain and high-efficiency single-layer slotted waveguide array for use 
147 
 
in 22 GHz band for entrance radio relay system in mobile 
communications," 1996 AP-S DigestAntennas and Propagation Society 
International Symposium, 1996, pp. 996-999. 
[70] J. Hirokawa and M. Ando, "40 GHz parallel plate slot array fed by single-
layer waveguide consisting of posts in a dielectric substrate," 1998 IEEE 
Antennas and Propagation Society International Symposium, 1998, pp. 
1698-1701 vol.3. 
[71] J. Hirokawa and M. Ando, "Single-layer feed waveguide consisting of 
posts for plane TEM wave excitation in parallel plates," IEEE 
Transactions on Antennas and Propagation, vol. 46, no. 5, pp. 625-630, 
1998. 
[72] Yuichi Kimura, Jiro Hirokawa, and Makoto Ando, "Alternating-phase 
single-layer slotted waveguide arrays at 25 GHz band," 1999 IEEE 
Antennas and Propagation Society International Symposium, 1999, pp. 
142-145. 
[73] Yuichi Kimura, Takashi Hirano, Jiro Hirokawa, and Makoto Ando, 
"Chokes for alternating-phase fed single-layer slotted waveguide arrays," 
2000 IEEE Antennas and Propagation Society International Symposium, 
2000, pp. 82-85. 
[74] Kaoru Sudo, Jiro Hirokawa, and Makoto Ando, "Two types of exciting 
modes in a rectangular-to-radial waveguide transformer as a feeder of 
radial line slot antennas," 2003 33rd European Microwave Conference, 
2003, pp. 935-938. 
[75] Yasuo Suzuki and Jiro Hirokawa, "Development of planar antennas," 




[76] Yasuhiro Tsunemitsu, Yohei Miura, Yasuhiro Kazama, SeHyun Park, Jiro 
Hirokawa, Makoto Ando, and Naohisa Goto, "Polarization isolation 
between two center-feed single-layer waveguide arrays arranged side-by-
side," 2004 IEEE Antennas and Propagation Society International 
Symposium, 2004, pp. 2380-2383. 
[77] Daisuke Arai, Miao Zhang, Kimio Sakurai, Jiro Hirokawa, and Makoto 
Ando, "Obliquely arranged feed waveguide for alternating-phase fed 
single-Layer slotted waveguide array," IEEE Transactions on Antennas 
and Propagation, vol. 53, no. 2, pp. 594-600, 2005. 
[78] Yasuhiro Tsunemitsu, Jiro Hirokawa, and Makoto Ando, "Center-feed 
comprised of E to H-plane cross-junctions in an alternating-phase fed 
single-layer slotted waveguide array," 2005 IEEE Antennas and 
Propagation Society International Symposium, 2005, pp. 716-719. 
[79] Miao Zhang, Jiro Hirokawa, and M Ando, "A three-way divider for 
partially corporate feed in alternating phase-fed single-layer slotted 
waveguide arrays," 2005 IEEE Antennas and Propagation Society 
International Symposium, 2005, pp. 627-630. 
[80] Sehyun Park, Yasuhiro Tsunemitsu, Jiro Hirokawa, and Makoto Ando, 
"Center feed single layer slotted waveguide array," IEEE Transactions on 
Antennas and Propagation, vol. 54, no. 5, pp. 1474-1480, 2006. 
[81] Miao Zhang, Jiro Hirokawa, and Makoto Ando, "Multi-way dividers for 
partially corporate feed in an alternating phase-fed single-layer slotted 
waveguide array," 2006 IEEE Antennas and Propagation Society 
International Symposium, 2006, pp. 3039-3042. 
[82] Yuichi Kimura, Atsuo Senga, Masayoshi Sakai, and Misao Haneishi, 
"Design of an alternating-phase fed single-layer slotted waveguide array 
149 
 
for a sector shaped beam," 2007 IEEE Antennas and Propagation Society 
International Symposium, 2007, pp. 5051-5054. 
[83] Yasuhiro Tsunemitsu, Jiro Hirokawa, Makoto Ando, Goro Yoshida, and 
Naohisa Goto, "A ridged cross-junction power divider for small blockage 
and symmetrical slot arrangement in the center-feed single-layer slotted 
waveguide array," 2007 IEEE Antennas and Propagation Society 
International Symposium, 2007, pp. 457-460. 
[84] Yasuhiro Tsunemitsu, Kazuya Kojima, Goro Yoshida, Masatoshi 
Nagayasu, Goto Naohisa, Jiro Hirokawa, and Makoto Ando, 
"Orthogonally-arranged center-feed single-layer slotted waveguide array 
antennas for polarization division duplex," 2007 The Second European 
Conference on Antennas and Propagation, 2007, pp. 1-5. 
[85] Miao Zhang, Jiro Hirokawa, and Makoto Ando, "Full-structure analysis 
of alternating-phase fed single-layer slotted waveguide arrays," 2007 
IEEE Antennas and Propagation Society International Symposium, 2007, 
pp. 5905-5908. 
[86] Miao Zhang, Jiro Hirokawa, and Makoto Ando, "A four-way divider for 
partially-corporate feed in an alternating-phase fed single-layer slotted 
waveguide array," IEEE Transactions on Antennas and Propagation, vol. 
56, no. 6, pp. 1790-1794, 2008. 
[87] Makoto Ando, Jiro Hirokawa, Tetsuya Yamamoto, Akira Akiyama, 
Yuichi Kimura, and Naohisa Goto, "Novel single-layer waveguides for 
high-efficiency millimeter-wave arrays," IEEE Transactions on 
Microwave Theory and Techniques, vol. 46, no. 6, pp. 792-799, 1998. 
150 
 
[88] S. Hosono, J. Hirokawa, M. Ando, N. Goto, and H. Arai, "A rotating mode 
radial line slot antenna fed by a cavity resonator," IEEE Antennas and 
Propagation Society International Symposium, 1994, pp. 2200-2203 vol.3. 
[89] Kunio Sakakibara, Yu-ichi Kimura, Akira Akiyama, Jiro Hirokawa, 
Makoto Ando, and Naohisa Goto, "Alternating phase-fed waveguide slot 
arrays with a single-layer multiple-way power divider," IEE Proceedings-
Microwaves, Antennas and Propagation, 1997, pp. 425-430. 
[90] Shusuke Fujii, Yasuhiro Tsunemitsu, Goro Yoshida, Naohisa Goto, Miao 
Zhang, Jiro Hirokawa, and Makoto Ando, "A wideband single-layer 
slotted waveguide array with an embedded partially corporate feed," Proc. 
Int. Symp. Antennas Propag., TP-C27, 2008. 
[91] Tomas Sehm, Arto Lehto, and A Räisänen, "A large planar antenna 
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